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INTRODUCTION

This report covers progress made during the past year in the work of eleven Research
Units funded under the Joint Services Electronics Program at Harvard University. It is
broken down into four major divisions of electronic research: Solid state electronics, Quan-
tum electronics, Information electronics, and Electromagnetic phenomena. Following the
report of the work of each Unit, there is a complete annual report of the associated Pub-
lications/Patents/Presentations/Honors. This report also includes a section on Significant
Accomplishments which contains selected highlights from two of these areas. These are
“Second-harmonic Efficiency and Reflectivity of GaAs During Femtosecond Mel*ing” by
Research Unit 7 and “Electromagnetic Field of a Vertical Dipole over Earth or Sea with

Applications to Communication and Over-the-Horizon Radar” by Research Unit 11.
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Dr. T. Rabedeau

I.1 Electronic Theory of Semiconductor Alloys and Superlattices. H.
Ehrenreich, Contract N00014-89-J-1023; Research Unit 1.

During the past year the research efforts of the group have been concentrated
on 1) the electronic and optical properties of III-V and II-VI superlattices, 2) the
electronic structure of wide band gap superlattices containing DMS (diluted magnetic
semiconductor) barrier layers, 3) excitons in superlattices, and 4) scattering effects on

tunneling in double barrier quantum well structures.
A. HI-V and HII-VI Superlattices

A comprehensive paper summarizing the group’s research concerning the elec-
tronic structure and optical properties of III-V and II-VI superlattices was published
during the past year [1). In this context additional calculations for the optical ab-
sorption in II-VI HgTe/CdTe superlattices, corresponding to samples prepared by J.

Schetzina (North Carolina State University), were performed. The agreement for best




samples was sufficiently good as to be practically indistinguishable from the experi-
mental results. For samples having particularly thin barriers or wells the agreement
was far poorer, suggesting that either the superlattice formalism fails in this limit or
that the quality of such samples is inherently poorer. Schetzina agrees that the latter
is the more likely possibility. This conclusion is also in accord with our experience
based on comparing the present theoretical calculations with those using an extended
basis by T. C. McGill’s group ?.t Caltech (N. F. Johnson, H. Ehrenreich, G. T. Wu,
and T. C. McGill, Phys. Rev. B38, 13095, 1988).

The superlattice representation formalism that we have developed to perform
these calculations is based on a k- p approach which is optimally adapted for this pur-
pose. The approach is attractive because it recognizes at the outset that a superlattice
is a periodic structure, and that therefore the extensive formalism developed to treat
crystalline solids is applicable. This approach is easily implemented by transforming at
the outset to a superlattice representation, and using only parameters corresponding

to the bulk constituents and empirical band offsets.

Reference:

1. N. F. Johnson, H. Ehrenreich, P. M. Hui, and P. M. Young, Phys. Rev. B41,
3655 (1990).

B. DMS Alloys and Superlattices

The effects of Mn d electrons in II-VI diluted magnetic semiconductor alloys on
the band edge states has been examined. The k - p formalism has been extended to
take into account d states, and the hybridization between them and s-p states. These
calculations have been performed with the inclusion of spin polarization effects, which
are meant to mode! the effects of applying an external magnetic field. The addition of

a nonzero-spin polarization leads to an effective sp Hamiltonian having the same form




as that of the usual mean-field exchange Hamiltonian for DMS (1].

This formalism has been extended to apply to superlattices such as
CdTe/CdMnTe and ZnCdSe/ZnMnSe. The latter superlattice has a band gap in the
blue-green portion of the spectrum, and therefore has potential applications for optical
information processing involving visible light. The DMS barrier layer is particularly
attractive since it can be lattice maiched to the nonmagnetic containing layer forming
the quantum well. Tiis feature may be sufficiently important to renew interest in
DMS materials, which, for entirely understandable reasons has waned during the past

few years.

Results for the above-mentioned superlattices have shown, for example, that the
analysis of Nurmikko’s group at Brown University (S. K. Chang et al., Phys. Rev.
B37, 1191, 1988) for determining band offsets using photoluminescence spectroscopy
in magnetic fields can be understood on the basis of more fundamental considerations.
Fortunately this analysis is largely independent of strain effects which are important in
the Cd system. However, experimentally observed strain and magnetic field splittings
cannot be reconciled with the same value of the valence band offset parameter, casting

some doubt on the quality of the sample.

Reference:

1. P. M. Hui, H. Ehrenreich, and K. C. Hass, Phys. Rev. B40, 12346 (1989).

C. Valence Band Offset Controversy in HgTe/CdTe

While it was believed that the valence band offset controversy in this material
had been resolved by this group [Johnson, Hui, and Ehrenreich, Phys. Rev. Lett. 61,
1993 (1988)], a recent paper by J. B. Choi et al. [Phys. Rev. B41, 10872 (1990)| has

once again raised the possibility that the offset is far smaller than the 350 meV inferred




from photoemission data. More extensive calculations than those performed previously
indicate that this conclusion is incorrect. We have now surveyed superlattices having
a variety of well and barrier widths, and have shown that in each case there is a
semimetallic region separating two semiconducting regions for all physically possible
band offsets. The results of Chi et al. are consistent with both a small offset (as they
suggest) and an offset in the vicinity of 400 meV. Preference for the latter value comes

from its agreement with the results of photoemission experiments.

D. Excitons

N. F. Johnson, a postdoctoral fellow with the group has formulated a nonva-
riational approach for calculating exciton binding energies in superlattices [1]. The
approach is sufficiently versatile that it applies both to isolated quantum we!ls and
to superlattices having strongly interacting wells. The agreement between the the-
oretically calculated and experimentally observed exciton binding energy lies within
experimental error of the latter for a range of samples of GaAs/Gag 7Alp 3As having

equal well and barrier widths for lattice periods extending from 25 to 200 A.

The results of this work have also been used in analyzing the data for

CdTe/CdMnTe discussed above.

Reference:

1. N.F. Johnson, J. Phys. Condens. Matter 2, 2099 (1990).

E. Parabolic Quantum Wells

N. F. Johnson of this group collaborated with B. I. Halperin, L. Brey, and J.

Dempsey in research involving the electronic and optical properties of parabolic quan-




tum wells which show interesting many electron effects. They have shown, for example,
that an n-doped parabolic quantum well absorbs infrared radiation at the bare har-
monic oscillator frequency independently of the electron-electron interaction, and the
number of electrons in the well [1]. They have extended these considerations to im-
perfect parabolic quantum wells and finally to a superlattice embedded in a parabolic

potential.

This work is principally supported by Harvard’s Materials Research Laboratory,
which the Principal Investigator of this unit directed for the past eight years. Johnson’s

considerable part in this effort was supported by JSEP and other DOD grants.

Reference:

1. L. Brey, N. F. Johnson, and B. I. Halperin, Phys. Rev. B40, 10647 (1989).

F. Tunneling in Resonant Double Barrier Quantum Well Structures

In its initial stages the research on these systems will be concerned with elastic
and inelastic scattering processes during the tunneling process which causes the tun-
neling to be partly incoherent, thereby reducing its effectiveness. Quantum transport
theory based on the Kubo formalism is being applied to address this problem. Princi-
pal results obtained thus far ap, ly to simply models and not to realistic systems. This

work will be enlarged during the coming year.
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1.2 Pressure Dependence of Photo-Luminescence Excitation in GaAs/
Al;Ga;_,As Multi-Quantum Wells. J. H. Burnett, H. M. Cheong, and W.
Paul, Grant N0O0014-89-J-1023; Research Unit 2.

We have continued our work on the properties of multi-quantum-wells and super-
lattices of group 3-group 5 semiconductor compounds, completing our investigation of
the electronic states of GaAs/Al,Ga;_;As coupled double quantum wells (CDQW's).
Our particular approach is to study the pressure dependence of suitable optical spectra
of such structures as a way to clarify the mechanisms of quantized state formation and
of tunneling between adjacent wells. The rationale for this method is the fact that
the pressure dependences of the band structures of the well and barrier material are
well established, and therefore a pressure experiment may be used to study the effect
of varying the band structures in a known way in a single structure, without courting
the difficulty of unknown parameter changes when materials of different r-value, or

different dimensions, are made.

The optical techniques chosen as the most suitable for high pressure measure-
ments of GaAs/Al;Ga;_;As quantum well energy levels are photoluminescence (PL)
and photoluminescence excitation {PLE) spectroscopy. PLE in particular has allowed
us to monitor many of the lower energy conduction band structures of the well and
barrier materials, as modified by hydrostatic pressure. For r = 0.3, and for pressures
below 40 kbar, the principal effect of pressure is to alter the nature of the barrier: the
I' minima which are lower at atmospheric pressure, become higher than the X minima
for pressures greater than about 10 kbar. Since the heterostructure system has broken
symmetry in the growth direction, the electronic states of the system can consist of
mixtures of bulk I' and X states, so the coupling between the wells (in a suitably-
designed structure) is expected to depend on the relative energies of the barrier ' and
X states. Thus the experiments involve a detailed study of the changes in the spectra,
and of the energies of the coupled states deduced from them, especially in the pressure

range between 10 and 40 kbar.




The structure with the minimal coupling is the double well, and as the first phase
of this project we studied a series of coupled double quantum wells (CDQW?’s), with
barrier widths chosen to give different degrees of coupling between pairs of wells at
atmospheric pressure. These have been fabricated in collaboration with E. Koteles

and B. Elman of GTE Laboratories in Waltham, Massachusetts.

As described in our last report, for strongly coupled narrow CDQW!/’s the energies
of the electron states above the well minima, i.e., the confinement energies E., are not
observably affected by the position of the X band in the barrier region until ~ 20
kbar, the pressure at which the X band is near (within ~ 40 meV) the energies
of the confined states. For pressures near or higher in energy than this, E. drops
with pressure by an amount dependent on the parameters of the structure. Also, the
coupling splitting, Ae, decreases with pressure from O to 40 kbar linearly, except for
some nonlinear behavior in the range 20-25 kbar. These results were confirmed by a
series of repeat measurements using the pressure medium, He, which we found, after
an extensive survey of possible cryogenic media, to be the most completely hydrostatic

at low temperatures.

These observations on the pressure dependence of the confinement energy E.
and the coupling splitting Ae can be understood qualitatively. The confined levels at
atmospheric pressure are constructed primarily from I'-symmetry bulk states. As the
X band approaches the confined levels, any admixture of X symmetry states into the
wavefunctions allows the wavefunction to leak more strongly between the wells and to
spread out beyond the wells via the X component of the wavefunction. This lowers the
confinement energy E. and increases the coupling split:ing Ae, starting at the pressure
of the barrier X band crossing. The linear decrease in Ae is a result of the pressure

dependence of electron effective mass.

The strength of these effects depends on the extent of I'-X mixing, and in principle

these measurements could give a quantitative measure of the mixing. This requires a

9




model which relates the quantum weil energy levels as a function of the relative position
of the bands, in terms of some measure of the mixing strength. However the calculation
of this I'-X mixing until recently was thought to be outside the range of applicability
of the envelope function formalism. In December, 1989, T. Ando, S. Wakahara, and H.
Akera (1] published a formal analysis of the extension of the envelope function method
to include band mixing, involving a 6 x 6 interface matrix, the components of which
they calculated using a sps* tight-binding model. We used a simplified version of
this interface matrix, first used by Pulsford et al. [2], with a single phenomenological
parameter v, determining the mixing strength, to analyze our pressure measurements
in terms of band mixing. Though this model is only appropriate for pressures up to
the I'-X crossing (actually anti-crossing), we found this model can quantitatively fit
the data for the mixing parameter v in the range 0.2-0.3. These calculations, though
preliminary, have indicated that these kinds of measurements can successfully yield
quantitative information on I'-X mixing effects in these systems. Further, comparison
of the phenomenological mixing strength 4 with the results of tight-binding calculations
tests the reliability of the boundary conditions assumed in this model. We are now

pursuing more extensive calculations along these lines.

References:

1. T. Ando, S. Wakahara, and H. Akera, Phys. Rev. B40, 11609 (1989); T. Ando
and H. Akera, Phys. Rev. B40, 11619 (1989).

2. N. J. Pulsford, R. J. Nicholas, P. Dawson, K. J. Morre, G. Duggan, and C. T.
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1.3 X-ray Surface Characterization. I. Tidswell, T. Rabedeau, and P. S. Per-
shan, Grants N00014-89-J-1023, NSF DMR-88-12855, and NSF DMR-86-
14003; Research Unit 3.

The design and function of many modern electronic devices is critically dependent
on the proberties of surfaces. To this end major research efforts at many industrial and
governmental laboratories have been directed towards developing new, and improved,
techniques for characterization of solid surfaces (1, 2]. These include electron diffrac-
tion and electron microscopy, as well as newer techniques such as tunneling electron
microscopy and ion beam diffraction. On the other hand, there are no comparable
techniques capable of characterizing the structure of buried interfaces [6]. In addition,
nune of the above-mentioned techniques provide a complete description of the surface
structure of solids, and other complementary techniques are needed. We have demon-
strated that specular reflection of X-rays with energies in the range of 7 keV to 15 keV
can be used to characterize the surface structure of simple liquids, liquid crystals, and
solids, and we propose continued development of the technique and application of the

technique to surface problems relevant to electronics [2-5].

In particular if 6 defines the angle of incidence as measured from the grazing
condition (t.e., § = 90° is normal incidence) then the ratio between the reflected
intensity R(f) and the theoretical Fresnel Reflection Law of classical optics, Rr(4),

for a sharp flat surface with no structure is given by the relation:

= o2 [ (L) exol-ic

where po is the electron density far from the surface, Q. = (47/\)sin(6) and

2

Rr(8) = (6./20)* when 6 >> 6. For X-rays in the range of 10 keV the dielectric

constant for many materials is approximately given by the form e =~ 1 — pr.A%/m,

and the “critical angle” 6. ~ /1 —¢ is typically of the order of 0.2° to 0.3° [11].
-1/2

For a rough, or diffuse surface p3!(9p/0:) ~ (\/ 27r02) exp (—2%/20%) and the

decay of R(F)/Rr(f) with increasing 6 is reminiscent of a Debye-Waller effect;
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e.g., R(8)/Rr(6) =~ exp(—Q2c?). In cases where there is some sort of layering at the
surface, as for liquid crystals or certain solid surfaces, there are oscillations in the
:-dependence of p2!'(0p/dz) and the Fourier transform of these gives rise to maxima
and minima in the angular, or Q., dependence of the specular reflectivity R(6). The
real space structure of the electron density, along the surface normal, can be derived
from the Q. dependence of the reflectivity. In addition, the diffuse scattering that is
observed by tuning the spectrometer off of the specular condition can be analyzed to
determine long wavelength variations in the surface structure parallel to the plane of

the surface.

Atomic length structure, within the plane of the surface, can be studied with
X-rays incident at angles 6 < 8. for which the incident beam is ~ 100% reflected,
and for which the X-rays only penetrate below the surface as ~ exp(—~xz); where
= (27/))1/02 — 82 is typically of the order of 0.02 A~1. If the detector is moved out
of the plane of incidence by an angle ©, and above the plane of the surface by an angle
3, scattering is observed at a wavevector transfer with components Q. = (27 /\)sin 3
and @ = (47/A)cos 3sin ©. Since the incident radiation does not penetrate distances
much larger than 1/x, the @, dependence of the scattering can be analyzed to
determine the atomic structure parallel to the surface. From the way in which it
depends on Q. for finite @, the scattering can be analyzed to give information
on the way in which the in-plane surface order varies with distance along the surface

normal.

Some experimental studies on surface structure at Q; = 0 can be carried out on
the Harvard Materials Research Laboratory Rotating Anodes X-ray Facility, however
most of the studies must eventually be completed using the higher intensity, and other
properties, of synchrotron radiation. To this end a significant fraction of our experi-
mental program is carried out at the National Synchrotron Light Source, Brookhaven

National Laboratory.
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The progress in this report period is most easily described in terms of the ac-
companying table. The three sets of synchrotron measurements that were carried out
this period at NSLS were: (i) in July, 1989 on beam line X22b, and in February and
June of 1990 on beam line X20. The four separate samples listed in the accompanying
table were prepared by Dr. Jose Bevk of AT&T Bell Laboratories, transferred to our
portable UHV X-ray cell, and transported to NSLS for measurement. The three types
of measurements that were done were (a) specular reflectivity, (b) scattering along
(m.n,Q:) bulk truncation rods (m,n = 1,2...), and (c) scattering from structure
within the plane of the surface, or (m/2,n/2,Q.) truncation rods [5, 7]. The type
of measurement that was done on the different samples are indicated by (/) in the

appropriate column of the following table.

Specular Truncation Surface
# | Date | Type of Oxidation Reflectivity Rod Scattering

0.0,Q.] | [m.n.Q.] | [m/2.n/2.Q.]

1 | 7/89 | Dry

Vv
Dry & Later Exposed to Air (~6 hr) v V4
2/90 | Dry Vv Vv
4a | 6/90 | Dry & Later Annealed @ 550°C Vv Vv V4
l 4b & Later Exposed to Air (~2 hr) Vv Vv

Figure I.1(a) illustrates the specular reflectivity results for two samples that were
oxidized with dry O, in the AT&T UHV chamber where they were grown. The peak
at Q./Qo = 4 rlu [1 rlu = 1.1569 A~!] is the [004] Bragg reflection from Si. Sample
#3, from February 1990 was prepared and measured at room temperature. Sample
#4a, from June 1990, was prepared identically to #3 however, before being measured
it was annealed at approximately 550°C for two hours. The visible differences for
(). between 1 and 2.5 are probably due to the effects of the anneal, however because
there are also slight differences between samples #1 and #3, further analysis is needed

before one can be certain that the differences between samples #3 and #4a are not
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due to other variables. For example, the miscut between the surface and the Si lattice
is somewhat larger for sample #3 than for #4. In any event, the scattering near the

[004] peak is essentially identical for the two.

Subtle differences between the ratio of R/Rfr, at small values of Q./Qo can be
interpreted in terms of the thickness and the roughness of the Si/SiO interface(s). For
example, in Figure I.1(c) we display the ratio of R/RF in the range 0.2 < Q. < 1.50
for the three samples (#1, #3, and #4a) that were only exposed to dry O,. A rough
estimate of the thickness of the oxide layer is the position of the first destructive inter-
ference minimum. Sample #4a, which was annealed, has a minimum at approximately
0.6 rlu (~0.7 A~!) corresponding to a thickness of between 4 Aand 5 A. The minima
for the other two samples are at slightly larger values of Q./Qo, implying that the
oxide layer is thinner. More importantly, there are qualitative differences in the am-
plitude of the oscillations that can, with quantitative analysis, be interpreted in terms
of the widths of the various interfaces. Figure 1.1(b) displays R/ R for the same small
Q:/Qo region for the two samples studied in July, 1989 (#1 and #2). Sample #1 was
exposed to only dry O, but sample #2, having been prepared in exactly the same
way as #1, was then exposed to ambient atmospheric conditions. The more rapid
oscillations for sample #2, with a minimum at Q/Qo ~ 0.3 rlu~?! (0.357!), indicates
a thickness, ~ 10 A for the native oxide that was formed under room temperature.
Thus the first result to be obtained in this period is that the thickness of the oxide
for a Si(100) face exposed to dry O at room temperature is significantly thinner than

the native oxide formed under ambient conditions.

The second achievement in this period was the measurement of surface scattering
and bulk truncation rods from both the dry and wet oxidized Si(001) surface. Thirteen
independent surface peaks, (m/2,n/2,Q, = 0), were identified in sample #3, and for
9 of them it was possible to make quantitatively meaningful intensity measurements.

Figure 1.2 illustrates some typical transverse scans through three surface peaks. For a
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Figure 1.1, (a) Specular reflectivity from the (001) face of Si single crystals that were exposed
to dry O3: ( ) exposed and measured at room temperature; ( (] ) annealed at 550°C. The
peak at Q/Qo = 4 is the (004) Bragg reflection. (b) Ratio of R/Rp for the sample exposed to
only dry Oz ( M) and a similar sample that was subsequently exposed to ambient atmosphere
([O)- (c) The ratio of R/Rp for two samples that were exposed and measured at room
temperature ( ll and A ) and the one that was annealed at 550°C).
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selected subset of these, quantitative measurements were also made of the dependence
of the intensity along the @, direction. From the analysis currently in progress it is
clear that these peaks correspond to a 1 x 2 surface structure. RHEED data taken at
AT&T on sample #4a before and after it was annealed is consistent with our observa-
tion that the intensities of the 1 x 2 surface peaks from sample #4a are significantly
weaker than those of sample #3. On this basis we can conclude that the effect of
annealing is to significantly weaken the 1 x 2 surface order. Interestingly, preliminary
analysis of the low angle specular reflectivity data also indicates that for the annealed
sample, #4a, the interface between the silicon oxide and the lattice is significantly

sharper than the same interface in the unannealed samples (#1 and #3).
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Figure 1.2. Transverse scans through representative surface peaks.
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Finally, we measured structure in transverse scans (i.e., along the (1,1) direction)
through the (1,1,Q.) truncation rods at Q. ~ 0.05 rlu. Side-band structure on this
can be used to characterize the long-range of surface “steps” that arise from the finite

miscut between the physical surface and the [001] lattice planes.

We are currently measuring the very important buried interface between Sij001]
and the SiO; layer, and the immediate plan is to continue systematic measurements of
specular reflectivity, surface scattering, and truncation rod measurements on Si[001]
under different conditions of oxidation and thermal treatment. We are in the process
of analyzing data taken this spring, and for the room temperature dry oxide we hope
to come up with a relatively specific model of the structure of the superficial oxide

layer.

Further systems that will be studied include epitaxial Ge on Si, epitaxial Si on
Ge, as well as epitaxial layers of the composition SixGe;_x on either Si or Ge. Almost
any other possible electronically interesting interface can be studied by these same
techniques, and we expect to make specific choices on the basis of the most interesting
technological issues and interested collaborators.
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I.4 Superconducting Josephson Junction Arrays. S. P. Benz, M. S. Rz-
chowski, C. J. Lobb, and M. Tinkham, Grants N0O0014-89-J-1023, NO0O14-89—
J-1565, and DMR-89-12927; Research Unit 4.

During the past year we have made much progress in measuring and interpreting
the electrical properties of large (1000 x 1000) arrays of Nb-Cu-Nb thin-film SNS
Josephson junctions, both at d.c. and a.c., and both with and without magnetic fluxons
present. A Phys. Rev. Letter and a Rapid Communication have been published on
this work, and two longer papers are in the process of being published in the Physical

Review. The results of this work are briefly summarized here.

Our arrays serve as a model system for granular superconductors (such as the
high-temperature superconductors or HTS) as well as being a system of interest in its
own right. Our work on the DC properties has focussed on the closely related critical

current and resistance properties, which are crucial for applications of HTS.

a) Critical Currents: In discussing the critical current, it is essential to distin-
guish between the usual practical definition in terms of a stated minimum measurable
voltage criterion and an intrinsic critical current I., that the array could carry (in
a metastable equilibrium state) in the absence of thermally-activated fluxon motion
which gives a finite resistance. In our work, we showed that I, could be inferred quite
reliably by taking the current value within the resistive transition at which the differ-
ential resistance dV/dl is a maximum. In zero magnetic field, this I, for a 1000 x 1000
array is essentially just 1000 times that for a single junction. However, once some flux-
ons are inserted by a small magnetic field, the critical current is reduced by a factor
typically of order 10. This occurs because an isolated fluxon feels a Lorentz force from
the transport current and the energy barrier against its motion was shown by Lobb,
Abraham, and Tinkham [1] to correspond to only about 10% of current that can be
carried in the absence of any fluxon “defect” in the ideal lattice of the array. Of course

a single moving fluxon gives a very small voltage, but for a significant flux density we
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observe that a strong voltage appears at about 10% of the zero-field critical current.
An interesting special case is that of “strongly commensurate fields” in which f, the
average number of fluxons per unit cell in the array, takes on a value which is the
1"atio of two small integers, such as 1/2 or 1/3. Ia this case, the fluxons establish a
periodic superlattice configuration (2 x 2 and 3 x 3 for these examples), which has
collective pinning that is stronger that the pinning of an isolated fluxon. As a result,
the critical current is higher than for a random incommensurate field value. For ex-
ample, for f = 1/2, we showed by an exact calculation that this critical current I,
should be 0.414 (= /2 — 1) times that in zero field, i.e., ~ 4 times greater than for
an incommensurate field. Our measurements confirmed this value within experimental
error, and similarly for the somewhat smaller critical current (0.268 times the zero-field
value) for f = 1/3. In carrying out these experiments, Benz [2] mapped out in detail
the differential resistance as a function of both flux density and current, providing an

exceptionally well documented study.

b) Thermally Activated Resistance: The flux pinning properties discussed
above in connection with critical currents also should determine the thermally acti-
vated resistance observed in the limit of small currents. We have tested this concept
by a careful series of measurements of differential resistance at zero current vs. flux
density and temperature. As expected from the discussion above, we found sharp cusp-
like minima in resistance at the strongly commensurate field values where superlattice
pinning is effective. For values of flux density f near these strongly commensurate
values f., we find that the differential resistance rises linearly with |f — f.|. For
the special case of f. = 0, this simply implies that the resistance arises from inde-
pendently moving isolated fluxons whose number is proportional to |f|. The linear
rise in resistance near f. = 1/2 has a more subtle origin, namely isolated defects of
uncertain structure moving relative to the f = 1/2 superlattice, or perhaps along a

domain wall in the f = 1/2 superlattice. We have tested this interpretation in terms
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of thermally-activated moving defects by plotting log R vs. E;(T)/kT, where E,;(T) is
the independently known Josephson coupling energy of a single junction in the array.
The data fall on straight lines, from whose slope we can read off the fluxon pinning
energy in units of the characteristic energy E;(T). For f 2 0, we find a pinning barrier
in satisfactory agreement with the theoretical value 0.2 F; predicied by Lobb et al.
(1]. For f = 1/2, we find a somewhat larger activation energy, but we have not yet
been able to make a definite assignment to the nature of the moving defect which is

associated with it.

To sum up, we have developed a rather successful model for interpreting both
the critical current and resistance data for a Josephson junction array in terms of
“defects” in the fluxon pattern moving under the influence of the Lorentz force of the
current. This work demonstrates a sort of duality rather than a difference between the
Josephson junction and the flux pinning points of view used by various authors. In our
work to date, we have emphasized ihe ideal array lattice, with only the weak (10%)
intrinsic pinning. In HTS, such intrinsic pinning may be provided by the layer structcre
of the ideal material, because in these materials the coherence lengths are comparable
with atomic dimensions. In work now underway, we plan to extend our study to include
arrays with deliberately built-in imperfections that will provide extrinsic pinning of

the sort which typically dominates in practical materials.

c) Giant Shapiro Steps: When we apply an a.c. current with frequency v in
the kHz to MHz range to our N x NV (N = 1000) arrays, we find that the d.c. I-V curve
displays “giant Shapiro steps” [3] at voltages equal to N times the step voltage hv/2¢
for a single Josephson junction driven at the same frequency. Although the regularity
of these data are evidence for the high perfection of our arrays, such effects are not new.
What we have observed that ss new and unexpected is that application of a strongly
commensurate d.c. magnetic field f = p/q (such as f = 1/2 or 1/3, as discussed above)

causes the appearance of fractional giant Shapiro steps at voltages that are multiples
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of (N/q)hv/2e. Qualitatively, it is plausible that these fractional giant Shapiro steps
result from systematic motion of the ¢ x ¢ vortex superlattice across the array in
synchronism with the a.c. driving current. We have confirmed this interpretation
by means of detailed simulations [4] which follow the time evolution of the phase
differences across the various Josephson junctions in the array. All these experimental
demonstrations of coherent time dependence across these large 2-dimensional arrays is
evidence in favor of possible applications of arrays as efficient generators and detectors

of electromagnetic waves.
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1.5 High-Frequency Properties of High-Temperature Superconductors.
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In previously reported work [1], we have developed a model based on Bean’s
critical state concept, which gives an excellent explanation of a large body of data on
the generation of harmonics in the magnetization M (t) when a HTS sample is im-
mersed in an a.c. magnetic field. This work is based on a quasi-static analysis of the
hysteretic response of such a sample to an a.c. magnetic field. In the past year, we
have started a different type of experiment, in which HTS samples are introduced into
a microwave cavity, and the dependence of the microwave loss on external parameters
is determined from the change in the cavity reflection coefficient and resonant width.

Because microwave frequencies exceed the characteristic frequency at which fluxon mo-

23




tion becomes dominated by viscous drag rather than by the pinning which dominates
low frequency phenomena, the microwave loss measurements are interpreted in terms
of the electrical “viscosity” of the local medium in which a given fluxon is located,

rather than pinning.

Our initial round of experiments of bulk polycrystalline pellet YBCO has already
revealed some unexpected results for the microwave loss after various cycles of the
applied d.c. magnetic field. For example, in one experiment we compare microwave
loss in a field-cooled (FC) sample [which has been cooled down through T, in a given
magnetic field H, which is then removed|, and a zero-field-cooled (ZFC) sample [which
has been cooled in zero field, the field H applied and then removed]. It is well known
that the remanent flux density is greater in the FC case because the fluxons are pinned
inside the grains when the material goes superconducting. To our surprise, we find
that the microwave loss is greater in the ZFC case, despite its lower flux density. We
account for this by reasoning that the ZFC sample has a greater number of fluxons in
the intergranular region between the grains, where their viscosity is less, and hence the
loss is greater. Another experimental observation that we think has not been made
before is the logarithmic time dependence of the microwave loss as the fluxons “creep”
out of the grains and escape. [A (log t) dependence has of course been observed in
d.c. experiments using SQUIDs to measure the bulk magnetization. As noted above,
however, the microwave loss measures a different aspect of the flux that is present.]
This is a very small effect, but our sensitivity is high enough to pick it up, and in fact

to determine a characteristic activation energy ~ 1000K from the logarithmic slope.

In the near future we plan to extend these measurements to a broad frequency
range by use of a strip-line geometry. This will allow us to test the theoretical
frequency-dependent crossover from pinning-dominated to viscosity-dominated mi-
crowave loss. We are also beginning measurements in which the bulk HTS sample

is replaced by a thin film sample of YBCO or by one of our 1000 x 1000 Josephson
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junction arrays. The latter appear to give results quite similar to the granular bulk
material, as might be expected from the modeling discussed earlier, but we have not
yet been able to observe flux creep processes because the absolute loss levels are much
lower in the arrays. Clearly, a large variety of extensions of this work lie before us,
as we gain experience with our techniques and obtain higher quality, state-of-the-art

samples to study.
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Rev. B40, 10937-10945 (1989). (Partially supported by N00014-89-J-1565,
NSF DMR-86-14003, and DMR-84-04489)

M. Iansiti, A. T. Johnson, C. J. Lobb, and M. Tinkham, “Quantum Tunneling
and Low-voltage Resistance in Small Superconducting Tunnel Junctions,” Phys.
Rev. B40, 11370-11373 (1989). (Partially supported by NSF DMR-84-04489,
and DMR-89-1565)

S. P. Benz, M. S. Rzchowski, M. Tinkh:m, and C. J. Lobb, “Fractional Giant
Shapiro Steps and Spatially-correlated Phase Motion in 2D Josephson Arrays,”
Phys. Rev. Lett. 64, 693-696 (1990). (Partially supported by NSF N00014-89-
J-1565, DMR-86-14003, and DMR-89-12927)
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J. U. Free, S. P. Benz, M. Rzchowski, M. Tinkham, C. J. Lobb and M. Octavio,
“Dynamical Simulations of Fractional Giant Shapiro Steps in 2D Josephson Ar-
rays,” Phys. Rev. B41, 7267-7269 (1990). (Partially supported by N00014-89-
J-1565, DMR-86-14003, and DMR-89-12927)

Books (and sections thereof) Published

M. Tinkham, “Flux Motion in High-temperature Superconductors,” Article in
Physics News sn 1989, Amer. Inst. of Physics.

Invited Presentations at Topical or Scientific/Technical Society Con-
ferences

M. Tinkham, “Flux Motion and Dissipation in Superconductors,” Invited Lecture
at Symposium on Recent Advances in Low Temperature Physics, Karlsruhe, W.
Germany, November, 1989.

M. Tinkham, “Considerations Limiting Zero-resistance Currents in High-
Temperature Superconductors,” Invited Paper, MRS Fall Meeting, Boston, MA,
November, 1989.

Contributed Presentations at Topical or Scientific/Technical Society
Conferences

S. P. Benz, M. S. Rzchowski, M. Tinkham, and C. J. Lobb, “Giant Shapiro
Steps and Spatially-correlated Phase Motion in 2D Josephson Arrays,” March
1990 Meeting of the American Physical Society.

J. U. Free, S. P. Benz, M. Rzchowski, C. J. Lobb, and M. Tinkham, “Com-
puter Simulations of Giant Shapiro Steps in 2D Josephson Arrays,” March 1990
Meeting of the American Physical Society.

T. S. Tighe, A. T. Johnson, D. B. Ephron, C. J. Lobb, and M. Tinkham, “Electri-
cal Characteristics of 2D Josephson Arrays,” March 1990 Meeting of the Ameri-
can Physical Society.

S. P. Benz, M. S. Rzchowski, M. Tinkham, and C. J. Lobb, “Fractional Giant
Shapiro Steps in 2D Josephson Arrays,” submitted to LT19 Conference.

G. O. Zimmerman, C. J. Lobb, and M. S. Rzchowski, “Effects of Boundaries in
an Array of Superconducting Weak Links,” submitted to LT19 Conference.
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Graduate Students and Postdoctorals Supported under the JSEP for
the Year Ending July 31, 1990

Dr. M. Rzchowski, and Mr. S. P. Benz.

(Note: Five other students share JSEP facilities, but have no JSEP salary.)

28




1.6 Stability and Dynamics of Neural Networks. C.M. Marcus, F. R. Waugh,
and R. M. Westervelt, Contract N00014-89-J-1025; Research Unit 5.

The hope that neural networks will provide fast, approximate solutions to com-
putationally complex problems in real time depends critically on developing network
architectures that are robust, stable, and can be implemented in parallel. We have con-
tinued and completed several studies of nonlinear dynamics in large parallel systems,
focussing particular attention on analog neural networks. The thrust of the effort has
been to characterize how the details of the input-output response of the individual
neurons affects the collective dynamics of the network as a whole. This work has lead
in the past year to the publication of three papers in Physical Review A, a Physical

Review Letter, and the completion of a Ph.D. dissertation.

Analog neural networks are composed of processing elements with smooth, con-
tinuous input-output transfer functions. The smooth neuron transfer function dis-
tinguishes these models from the more commonly studied binary network models, in
which neurons behave like Ising spins in the Ising model of magnetism. Besides pro-
viding a realistic description of analog electronic networks implemented in VLSI (as
designed by Carver Mead and others), the analog models we have studied possess
important computational advantages over networks of binary nci:rons, including the

ability to be clocked in parallel with guaranteed stability against oscillation.

The stability guarantee was proven using global stability analysis and applies
to networks with symmetric connections. The analysis provides a simple stability
criterion which limits the gain (ma.ximurﬁ slope) of the neuron transfer function. The
result has also been generalized to include neurons with dynamic rules based on many
nrevious states, and has been applied to analog networks configured as associative
memories. Results for two standard associative memories, the Hebb rule, and the
pseudoinverse rule have been presented as phase diagrams in the plane of neuron gain

and the ratio of the number of stored patterns to the number of neurons. Extensive
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numerical simulations have also been performed, and are found to be in agreement

with analytical results.

As reported in a recent Physical Review Letter, we have calculated the number
of fixed point attractors in an analog associative memory using techniques adapted
from spin glass theory. This calculation, and supporting numerics, show that lowering
neuron gain greatly reduces the number of local minima in the networks energy land-
scape. This result has important consequences: by using analog neurons rather than
binary neurons one can achieve many of the beneficial effects of stochastic annealing.
Because this type of “analog annealing” is deterministic — with neuron gain playing
the role of the inverse temperature in a Monte Carlo annealing scheme — it can be
easily implemented in electronic hardware without requiring special noise-generating

circuitry.

The analytical techniques we have used are quite general, and can be applied to
a variety of problems, particularly in artificial vision. This research is currently being

carried out by Fred Waugh, a JSEP Graduate Fellow, with support from JSEP.

1.7 The Dynamics of Magnetic Domain Patterns. K. L. Babcock, R. Se-
shadri, and R. M. Westervelt, Contract N0O0O014-89-J-1023; Research Unit 5.

In the past year Ken Babcock completed a systematic study of the dynamics
of cellular magnetic domains in thin magnetic garnets, which has been published in a
series of papers including two Physical Review Letters, and has resulted in invited talks
for Babcock at the March Meeting of the American Physical Society and for Professor
Westervelt at the Joint Soviet-American Conference on Chaos in Woods Hole, and
at the Woodward Symposium in San Jose. Babcock has graduated and moved on
to a postdoctoral associate in Professor Guenther Ahler’s group at the University of
California at Santa Barbara. Work on domain dynamics is being continued in the

Westervelt group at Harvard by Raj Seshadri with JSEP support.
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Cellular magnetic domains in garnet films are an example of a spatially extended
system which is prevented from reaching equilibrium by topological constraints. This
general problem is important for annealing of the grain structure in polycrystalline
r.netals and the evolution of froths of soap or other materials. Similar considerations
may also prove to be important in densely written magnetic recording materials. Dur-
ing the past year we have completed a study of the evolution of both ordered and
disordered arrays of cellular domains under circumstances where the equilibrium state
of the magnetic film is a single domain. The domain structure is visualized using the
rotation of polarized light and analyzed using computer image processing techniques.
In the high-stress regime in which the entire pattern is metastable, we have discovered
interesting types of collective motion of large groups of cells: 1) ordered hexagonal ar-
rays “melt” into disordered materials, and 2) disordered patterns composed of cellular
domains with different numbers of sides respond to small increases in magnetic field
with avalanches of cell destruction which involve up to 100 cells and propagate long
distances. The latter result is perhaps an example of the concept of “self-organized
criticality” proposed by Bak and others. The most important qualitative feature of
both phenomena is that metastable domain structures can respond to small changes in
conditions via large collective motions involving many cells, rather than uncorrelated
single cell events. The coupling of domains in very densely written magnetic storage

material could lead to similar collective events with undesirable consequences.

1.8 The Collective Behavior of Switching Charge-Density Wave
Systems. S. H. Strogatz, C. M. Marcus, and R. M. Westervelt, Contract
N00014-89-J-1023; Research Unit 5.

Charge density waves (CDWs) are an elegant and well-studied example of col-
lective behavior in electronic systems. As with superconductivity, a CDW can be
characterized by a single order parameter, indicating that a large number of electrons

over a macroscopic size scale have condensed into a single ordered state. In the pres-
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ence of an applied voltage exceeding a certain threshold, the CDW will collectively
depin from impurities in the material and carry current. Usually, the transition from
the pinned CDW state to the current-carrying, or sliding, state is continuous. How-
ever, in certain CDW systems, where pinning is very strong, the transition to a sliding
state is found to occur in a discontinuous and hysteretic “switch.” Such systems are
referred to as switching samples. There is strong evidence that switching is intimately
related to phase slip taking place at the pinning sites. Several years ago, Zettl and
Griiner discovered experimentally a remarkable property of switching samples. They
found that when the applied voltage exceeds the threshold by a small amount, the
depinning transition is not immediate, but occurs after a delay. The length of the
delay was also found to increase dramatically as the threshold was approached from

above, ranging over several orders of magnitude.

In the past year, an analytical and numerical investigation of delayed switch-
ing in CDWs was completed by Steven Strogatz, a visiting Postdoctoral Fellow, and
Charles Marcus. This research, which was published as two Physical Review articles,
investigates the dependence of switching delay on the amount by which the depinning
threshold is exceeded. The analysis was carried out for a mean-field model of the
CDWs with phase-slip proposed by Strogatz, Marcus, Mirollo, and Westervelt, as well
as for other models of switching CDWs in the literature. The analysis gave predictions
which allow the various models to be distinguished experimentally. We note that very
recent experiments on switching samples performed by M. S. Sherwin at University
of California at Santa Barbara have yielded results which do not seem to correspond
to any of the models of switching that have been proposed. These experiments also

reveal a wealth of new phenomena that have not been accounted for theoretically.

The competition between pinning, elasticity and phase slip seen in switching
CDWs is likely to be imposiant for understanding the collective dynamics of other

extended nonlinear systems with many degrees of freedom, including flux flow in type-
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IT superconductors and recently proposed models of earthquakes.

Steven Strogatz is currently an Assistant Professor of Applied Mathematics at

MIT.

33




ANNUAL REPORT OF
PUBLICATIONS/PATENTS/PRESENTATIONS/HONORS

Papers Submitted to Refereed Journals (and not yet published)

C. M. Marcus and R. M. Westervelt, “Stability and Convergence of Analog Neural
Networks with Multiple Time Step Parallel Dynamics,” Phys. Rev. Ad41l, to
appear Aug. 15. (Partially supported by N00014-89-J-1592)

K. L. Babcock and R. M. Westervelt, “Dynamics of Cellular Magnetic Domain
Patterns,” in Nonlinear Structures sn Physical Systems, eds. L. Lam and H. C.
Morris (Springer, New York, 1990), in press. (Partially supported by N00014-
89-J-1592)

R. M. Westervelt and K. L. Babcock, “Cellular Domain Patterns in Magnetic
Garnet Films,” in Proc. Jotnt Soviet American Conference on Chaos, Woods
Hole, 1989 (American Institute of Physics, New York), in press. (Partially sup-
ported by N00014-89-J-1592)

Papers Published in Refereed Journals

K. L. Babcock and R. M. Westervelt, “Topological ‘Melting’ of Cellular Domain
Lattices in Magnetic Garnet Films,” Phys. Rev. Lett. 63, 175-178 (1989).
(Partially supported by N00014-89-J-1592)

S. H. Strogatz, C. M. Marcus, R. M. Westervelt, and R. E. Mirollo, “Collective
Dynamics of Coupled Oscillators with Random Pinning,” Physica D36, 23-50
(1989). (Partially supported by N00014-89-J-1592)

C. M. Marcus and R. M. Westervelt, “Dynamics of Iterated-map Neural Net-
works,” Phys. Rev. A40, 501-504 (1989). (Partially supported by N00014-89-
J-1592)

K. L. Babcock and R. M. Westervelt, “Elements of Cellular Domain Patterns
in Magnetic Garnet Films,” Phys. Rev. A40, 2022-2037 (1989). (Partially
supported by N00014-89-J-1592)

C. M. Marcus, S. H. Strogatz, and R. M. Westervelt, “Delayed Switching in a
Phase-slip Model of Charge-density-wave Transport,” Phys. Rev. B40, 5588-
5592 (1989). (Partially supported by N00014-89-J-1592)

S. H. Strogatz and R. M. Westervelt, “Predicted Power Laws for Delayed Switch-
ing of Charge-density Waves,” Phys. Rev. B40, 10501-10508 (1989). (Partially
supported by N00014-89-J-1592)

34




K. L. Babcock, R. Seshardri, and R. M. Westervelt, “Coarsening of Cellular Do-
main Patterns in Magnetic Garnet Films,” Phys. Rev. A41, 1952-1962 (1990).
(Partially supported by N00014-89-J-1592)

C. M. Marcus, F. R. Waugh, and R. M. Westervelt, “Associative Memory in
an Analog Iterated-map Neural Network,” Phys. Rev. A41, 3355-3364 (1990).
(Partially supported by N00014-89-J-1592)

F. R. Waugh, C. M. Marcus, and R. M. Westervelt, “Fixed-point Attractors in
Analog Neural Computation,” Phys. Rev. Lett. 64, 1986-1989 (1990). (Partially
supported by N00014-89-J-1592)

K. L. Babcock and R. M. Westervelt, “Avalanches and Self-organization in Cel-
lular Magnetic-domain Patterns,” Phys. Rev. Lett. 64, 2168-2171 (1990). (Par-
tially supported by N00014-89-J-1592)

Invited Presentations at Topical or Scientific/Technical Society Con-
ferences

R. M. Westervelt, “Nonlinear Networks,” Soviet-American Conference on Chaos,
Woods Hole, Massachusetts, July 1989.

R. M. Westervelt and K. L. Babcock, “Dynamics of Cellular Magnetic Domain
Patterns,” in Proc. Joint Soviet-American Conference on Chaos, Woods Hole,
Massachusetts, July 1989 (American Institute of Physics)

R. M. Westervelt, “Cellular Magnetic Domain Patterns,” Nonlinear Structures in
Physical Systems — Pattern Formation, Chaos, and Waves, San Jose, November
1989.

R. M. Westervelt, “Dynamics of Cellular Magnetic Domain Patterns,” Dynamics
Days Texas 1990, Austin, Texas, January 1990.

R. M. Westervelt, “Advantages of Analog Computation,” Neural Networks for
Computing, Snowbird, Utah, April 1990.

R. M. Westervelt, “Dynamics and Stability of Neural Networks,” S.I.A.M. Dy-
namical Systems, Orlando, Florida, May 1990.

K. L. Babcock, “Coarsening, Melting, and Avalanches in Cellular Magnetic Do-
main Patterns,” March Meeting of the American Physical Society, Anaheim,
California, March 1990.
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Contributed Presentations at Topical or Scientific/Technical Society
Conferences

C. M. Marcus “Dynamics of Analog Neural Networks,” Stat. Phys. 17, Rio de
Janeiro, Brazil, July 1989.

C. M. Marcus “Dynamics of Analog Neural Networks,” Conference on Spin
Glasses and Neural Networks, Porto Alegre, Brazil, August 1989.

C. M. Marcus and R. M. Westervelt, “Dynamics of Analog Neural Networks
with Time Delay,” Advances in Neural Information Processing Systems (Morgan
Kauffman, San Mateo CA, 1989).

F. R. Waugh, C. M. Marcus, and R. M. Westervelt, “Nonlinear Dynamics of Ana-
log Associative Memory Neural Networks,” in Proceedings of the International
Joint Conference on Neural Networks, Washington D.C., January 1990, Vol. I
(Lawrence Erlbaum Assoc., Hillsdale, NJ, 1990), p. 321. (Partially supported by
N00014-89-J-1592)

Honors/Awards/Prizes
C. M. Marcus, IBM Postdoctoral Fellowship.

F. R. Waugh, JSEP Graduate Fellowship.

Graduate Students and Postdoctorals Supported Under the JSEP for
the Year Ending July 31, 1990

Dr. C. M. Marcus, Messrs. K. L. Babcock, F. R. Waugh, and R. Seshadri.
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1.9 Structural and Electronic Studies of Semiconductor Interfaces and
Surfaces J. A. Golovchenko, Grant N00014-89-J-1023, Contracts N00014-
87-K-0511, and NSF-DMR86-14003; Research Unit 6.

Our last report on this unit stressed several surface and interface svudies on which
we can now report significant progress and accomplishment. First to be described is
our demonstration of an electronic device, a tunnel diode, of atomic dimensions capable
of amplification and switching. Secondly, our recent success in measuring the forces
between atoms on a crystal surface is presented and related to the problems of crystal

epitaxy. Finally currently ongoing work on crystal epitaxy is described.

Last year’s report contained a detailed description of our fundamental studies of
the boron doped silicon surface using tunneling microscopy and other related diagnostic
surface physics tools. This discussion focussed on structural questions and the rather
unique atomic positions boron atoms occupy on silicon relative to the rest of the third
column element that have been studied until now {1]. Our subsequent studies of this

system dealt with the electronic consequences of this unique behavior.

The tunneling microscope is ideally suited to the study of electronic structure
on an atomic scale. This electronic structure is reflected directly in the current versus
voltage curves that characterize the tunnel junction formed by the tunneling tip and
sample surface under investigation. The derivative or so-called dI/dV curves are widely
interpreted as measuring the density of states at energy eV from the sample fermi level.
Our measurements of the boron doped silicon surfaces showed regions (both in energy
and coordinate space) where this differential conductivity became negative. Not only is
this a direct illustration of the dangers of overly simplified interpretation often applied
to tunneling microscope spectra of semiconductors (by definition, electronic density of
states cannot be negative) but it also was a graphic illustration of the possibility of
fashioning atomic structures having desirable characteristics of electronic devices with

which we are familiar on a much larger length scale.
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The regions of negative differential conductivity we discovered and identified (2,
3] displayed the electronic characteristics of the tunnel diode structure constructed
several decades ago by Esaki using highly degenerately doped, diffused junction diode
structures. Our structure, capable of operation in the nano-ampere regime occupies
only a few square angstroms of space on the sample surface and depends solely on

isolated interface states for its electrical characteristics.

We believe that this demonstration of an atomic scale device, though hardly
practical for applications today, is a harbinger of the future possibilities for miniatur-
ization to the atomic scale utilizing experience and knowledge gained from the field
of surface physics. We are continuing these studies with a radically newly designed
tunneling microscope and we hope to soon demonstrate extremely small three terminal

devices.

On a second front, using JSEP support, we have made a fundamental advance
in our ability to understand and probe crystal surfaces. In particular we can now
directly measure the forces between atoms on a crystal surface using delicate light beam
deflection measurements on very thin samples [4]. The sample is prepared in an ultra-
high vacuum environment and doped with monolayer and submonolayer coverages
of impurity atoms on one side of the sample. Their interactions result in a slight
bending in the sample which can be detected with a sensitive laser beam deflection
apparatus. One extracts directly the surface stress difference between the reference

undoped surface on the back of the sample and the side that has been doped.

In these first measurements of this effect we have been able to make quantitative
comparisons with calculations for gallium doped and clean 7 x 7 reconstructed surfaces
showing that current theory is capable of qualitatively predicting the magnitude of
stress generated at these ideal interfaces. We plan to extend these studies both to

other monolayer cases and to epitaxy of strained layer systems.
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Our program to study crystal epitaxy on the Harvard Tandem Ion Accelerator
has now advanced to the stage where we have observed high quality (at least by chan-
neling criteria) epitaxial silicon and germanium crystal growth on ultra-high vacuum
prepared surfaces and we have been able to detect the role that metal layers on the
surface can play in the growth process. This study, part of our general interest in
developing the VLS (vapor liquid-metal solid semiconductor) epitaxy technique as a
planar technology, shows that surface doping silicon and germanium with just a few
monolayers of a metal like gold can result in enhanced growth of subsequent semi-
conductor epitaxial layers at reduced temperatures. It is well-known that the thick
metallic layers used in the VLS process tend to “ball up” and thereby frustrate at-
tempts to use the process for patterning areas of growth. Our preliminary studies
have shown that enhanced growth may be observed at metal layer thicknesses of a few
monolayers where balling up does not occur. Our preliminary results are currently
being studied, extended, and articulated to establish the entire range over which this

new regime of VLS may be useful for crystal growth.

We have also been studying the hetero-epitaxial growth of germanium on silicon
substrates in our ultra-high vacuum tunneling microscope. We have observed Stran-
sky Krastinov type growth with strong islanding occurring after a few monolayers of
germanium deposition. The islands are faceted as expected for 111 growth directions
and we are currently attempting to measure the lattice constant of the overlayer as
a function of island thickness with the tunneling microscope. We are also hoping to

detect the first signs of the appearance of misfit dislocations as the germanium layers

are added.

References:

1.  P. Bedrossian, R. D. Meade, K. Mortensen, D. M. Chen, J. A. Goiovchenko, and
D. Vanderbilt, Phys. Rev. Lett. 63, 1257 (1990).
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2.

P. Bedrossian, D. M. Chen, K. Mortensen, and J. A. Golovchenko, Nature 342,
258 (1989).

P. Bedrossian, K. Mortensen, D. M. Chen, and J. A. Golovchenko, Nuel. Instrum.
and Meth. in Phys. Res. B48, 296 (1990).

R. E. Martinez, W.A. Augustyniak, and J. A. Golovchenko, Phys. Rev. Lett.
64, 1035 (1990).
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P. Bedrossian, D. M. Chen, K. Mortensen, and J. A. Golovchenko, “Demonstra-
tion of the Tunnel-diode Effect on an Atomic Scale,” Nature 32, 258-260 (1989).
(Partial Support by NSF DMR-86-14003)

R. E. Martinez, W. A. Augustyniak, and J. A. Golovchenko, “Direct Measure-
ment of Crystal Surface Stress,” Phys. Rev. Lett. 64, 1035-1038 (1990). (Partial
Support by NSF DMR-86-14003)

Invited Presentations at Topical or Scientific/Technical Society Con-
ferences

J. A. Golovchenko, “Structural and Electronic Studies of Semiconductor Sur-
faces,” Physics and Chemistry of Surfaces and Interfaces Conference, Clearwater,
Florida, January 29 - February 2, 1990.

Contributed Presentations at Topical or Scientific/Technical Society
Conferences

R. E. Martinez, “Direct Measurement of Crystal Surface Stress,” American Phys-
ical Society 1990 March Meeting, Anaheim, California, March 12-16, 1990. (Par-
tial Support by NSF DMR-86-14003)

Graduate Students and Postdoctorals Supported under the JSEP for
the Year Ending July 31, 1990

Ms. S. K. Leonard and Mr. R. E. Martinez
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II. QUANTUM ELECTRONICS

Personnel
Prof. N. Bloembergen Mr. J. Goldman
Prof. E. Mazur Ms. K. Y. Lee
Dr. C. Z. Lu Mr. P. Saeta
Mr. K. H. Chen Mr. Y. Siegal
Mr. D. S. Chung Mr. J. K. Wang

Mr. S. Deliwala

I1.1 Ultrashort Laser Interactions with Semiconductor Surfaces. N.
Bloembergen, E. Mazur, P. Saeta, Y. Siegal, and J. K. Wang, Contract
N00014-89—-J-1023 and NSF DMR-8858075; Research Unit 7.

In this research unit the electronic and material properties of semiconductors
and metals are studied using ultrashort laser pulses. Because of the small pene-
tration depth of the laser light in such materials, and because thermal diffusion
is negligible for times shorter than ten picoseconds, subpicosecond laser irradiation
concentrates the laser pulse energy in a very thin layer at the surface of the material.
At high pulse energies the melting threshold can thus easily be reached, and the ma-
terial at the surface can transform into short-lived phases that can sometimes not be
obtained by any other method. At pulse energies below the melting threshold, mea-
surements on a femtosecond timescale probe the carrier and lattice dynamics of the
material — a topic of high current interest because of the technological applications

of high-speed electronics.

1. Measurements on GaAs: We have performed femtosecond melting exper-
iments on GaAs using linear reflectivity and reflected second-harmonic radiation
as probes of the melting process. These experiments exploit the strong nonlinear-

ity of a non-centrosymmetric crystal to reveal dramatic changes in the electronic
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response and in the atomic structure of the material within 200 fs of excitation.
The measurements show that a phase change occurs before the ions in the lattice
are thermal. The results are presented in detail in the Significant Accomplishment

section at the end of this report.

ii. Femtosecond nonlinear optical effects. Coherent anti-Stokes Raman spec-
troscopy has been used to study the dynamics of vibrational energy transfer in
transparent solids and liquids, where long interaction regions of the three input
beams permit the growth of a sizeable anti-Stokes output beam in the forward di-
rection. With highly absorbing semiconductors, however, transmission CARS is
possible only on very thin samples. In analogy with the reflected second-harmonic
signal of the GaAs experiments above, it is possible to produce a coherent output
beam in reflection from strongly absorbing materials in which absorption provides
resonant enhancement of the nonlinear signal. We are the first group to our knowl-
edge to have seen a reflection CARS signal from an opaque material. Our prelimi-
nary studies of ZnSe and GaAs have indicated the extreme importance of intense,
highly focusable input pulses of short duration. This observation opens the door to
a whole new series of measurements involving nonlinear optical effects. In partic-
ular, we plan to directly monitor the phonon population during photoexcitation of

semiconductor materials in order to learn more about electron-phonon interactions.

To facilitate these femtosecond nonlinear optical studies, we have undertaken
a major upgrade of our femtosecond pulse amplifier. The goal was to increase the
pulse energy available for melting and nonlinear optics experiments, and especially
to improve the spatial profile of the beam. In addition to adding a fifth stage of
amplification, we have replaced the final longitudinal amplifier cell with a large
Bethune prism dye cell, making the entire amplifier chain transversely pumped.
This corrects a problem with the original design in which the imperfect spatial

profile of the pumping YAG laser was impressed on the amplified beam. The result
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is an output beam with more than double the previous energy (2 mJ) and a smooth

profile that focuses to a much tighter spot.

Because of the higher energy now available it will be possible to extend other
laser melting experiments done previously under JSEP sponsorship to the femtosec-
ond domain. An interesting candidate for study is the recently reported “molten”
phase of graphite after irradiation with ultrashort laser pulses. While most semi-
conductors undergo a transition to a metallic state under laser melting, there has
been disagreement as to whether the molten phase of graphite is metallic. An el-
lipsometric measurement at a single wavelength performed by us a few years ago,
indicated a nonmetallic liquid phase [1]. For an unambiguous determination of the
electrical properties of molten graphite, it is necessary to perform the ellipsometry
over a broad range of wavelengths. This will determine the contributions of free

and bound electrons to the dielectric function.

Reference:

1. A Mj Malvezzi, N. Bloembergen, C. Y. Huang, Phys. Rev. Lett.57, 146
(1986).

I1.2 Laser Light Scattering from Surfaces and Monolayers. E. Mazur, D.
S. Chung, and K. Y. Lee, Contract N00014-89-J-1023 and NSF DMR-8858075;
Research Unit 7.

There has been a growing interest in recent years in the properties of
Langmuir-Blodgett films, monolayers and surfactants because of the many tech-
nological applications of such systems, and because such mono-molecular layers can
serve as models for the study of two-dimensional systems. In spite of this interest,
viscoelastic properties of monolayers remain poorly understood. This is partly due
to the lack of experimental results accurate enough to put the existing theories to

a vigorous test. It has been known for a long time that wave attenuation on a free
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water surface is enhanced by the presence of surface-active materials, because the
viscoelastic properties of monolayers alter the dynamic properties of the interface.
The aim of this project is to extract viscoelastic information of surface films from

accurate damping measurements.

A major obstacle for getting accurate damping results has been that they
cannot be obtained directly from laser light scattering measurements but require a
complicated deconvolution processes with usually unknown instrumental functions.
Using a novel Fourier transform heterodyning spectroscopy (FTHS) technique de-
veloped in our laboratory (1], we have developed an apparatus that can perform
direct measurements of the spatial damping coefficients, without requiring a decon-
volution or ca ibration. The apparatus probes the surface in two spots and employs
a “phase-matched geometry” for the main laser beam and the local oscillator. With

the new apparatus we achieve a world-record spectral resolution of 20 pHz [2].

To test our apparatus we first studied capillary wave damping at a clean air-
water interface. An ultrapure water sample was sealed inside a chamber filled with
pure nitrogen. Working in a clean environment is crucial for this experiment as
any contamination of the interface greatly affects our results. Capillary waves of
known frequencies are generated using electrocapillarity, and the wave amplitudes
are monitored as a function of distance. We studied capillary waves in the frequency
range 500-2000 Hz; for each frequency we obtained an exponential falloff of the

amplitude with distance, in excellent agreement with the theoretical predictions.

Following this initial experiment, we measured the effect of a monolayer of
pentadecanoic acid (PDA) on capillary wave damping at the air-water interface.
Over the entire range of frequencies studied (500-2000 Hz), we observe a decrease
in the wavevector as the surface concentration is increased. At low surface concen-
tration, the measured damping coefficient obtained remains the same as the one for

pure water, but as the concentration is increased to the liquid-expanded/gas (LE/G)
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coexistence region, the damping coefficient increases dramatically. A maximum in
damping is reached right at the transition point from the LE/G coexistence to the
LE phase, after which it decreases again and finally levels off near the collapse of
the film [3]. The exact reason for the location of such a maximum is still unknown

and theoretical analysis of the new data is underway.
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II.3 Multiphoton Vibrational Excitation of Molecules. E. Mazur, C.Z.
L4, K. H. Chen, S. Deliwala, and J. Goldman, Contract N00014-89-J-1023
and ARO DAAL03-88-K-0114; Research Unit 8.

In this research unit we continued the study of infrared multiphoton excited
molecules in a free supersonic jet expansion using time-resolved broadband coherent
Raman spectroscopy (CARS). Improvements were incorporated into many aspects
of the experimental apparatus, including the COs-laser and streak camera timing
synchronization, computer data acquisition and analysis, and the beam machine
pulsed supersonic jet. One of the graduate students involved in this project, K.
H. Chen, was the second student to obtain the Ph.D. degree on this project, with
a thesis on spontaneous and coherent anti-Stokes Raman spectroscopy of infrared
multiphoton excited molecules. Dr. Chen currently works at General Electric cor-

poration.

The multiplex CARS apparatus was improved by 1) adding an extremely fast
infrared detector and amplifier circuit with a response time of less than 10 ns,
which allows accurate synchronization of the CO,-laser pulse and the CARS probe
to within 30 ns, making it possible to resolve short time dynamics of collisional
energy exchange in the molecular jet, 2) optimization of the Hamamatsu streak
camera performance and triggering, and implementation of a new method of data
acquisition that allows one to obtain a set of spectra at different time delays all in a
single camera image, which allows more accurate quantitative analysis of the data
than previously possible, 3) modifying and characterizing the pulsed supersonic jet
to obtain improved cooling and density characteristics, and 4) implementation of
new software, coded by graduate student P. Saeta, which speeds data acquisition

and provides new powerful image analysis techniques.

Interpretation methods for the CARS data also continue to move forward with

the completion of a CARS spectrum simulation program. Based on the assumption
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of thermal equilibrium within each normal mode of a molecule, the code generates
accurate spectra which yield a much deeper quantitative insight into the dynam-
ics of our experiments on vibrational and rotational CARS. Initial steps have also
been completed into the development of a dynamical model of the molecular relax-
ation process, which will be combined with the existing code to create a complete

simulation of our vibrational CARS experiments.

During this past year our efforts have concentrated on continuing the work
started by Dr. Chen. Detailed measurements of infrared excited SFg at high and
low collision rate conditions in the free jet expansion have yielded a new interpre-
tation of spontaneous Raman and CARS work done with this molecule by previous
researchers [1]. We found that spectral features previously attributed to collisionless
laser excitation actually exhibit a very strong dependence on the molecular collision
rate. Also, we discovered that earlier efforts at measuring the populations of each
normal mode were inaccurate. Our present work yields results that are consistent
with a conceptually simple model, and by using the code mentioned above, provides
a more detailed quantitative picture of the dynamics of infrared excitation and re-
laxation. Theoretical analysis of is work is still underway and will be published

shortly [2].

We are currently continuing work on the dynamics of the SF¢ system, and plan
to apply our current model to some other molecular systems of differing size and
spectral characteristics. We also plan to continue work on rotational Raman in a
free jet, and on improving the performance characteristics of these jets. Other work
will include investigation of electronic-vibration coupling in small molecules such
as NO,, eventually leading up to planned femtosecond investigations of molecular

electronic and vibrational excitation dynamics.
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II.4 Coherent anti-Stokes Raman Spectroscopy of Infrared Excited
SO..
E. Mazur, C.Z. Lg, S. Deliwala, and J. Goldman, Contract N00014-89-J-1023
and ARO DAALO03-88-K-0114; Research Unit 8.

A project related to the one described in Section I1.3 is an investigation of the
mechanism of multiphoton excitation of SO2 [1]. The study of infrared multiphoton
excitation of small polyatomic molecules such as SO, has received considerable
attention in the literature. This molecule is representative of small size systems
which, according to the quasicontinuum model, can be difficult to excite to high
vibrational levels since the density of states at low excitation is relatively small.
While observation of inverse electronic excitation in SO, clearly demonstrated that
infrared multiphoton excitation to high vibrational levels is possible, these studies
left unresolved the issue of which mode of the molecule is actually excited by the
CO3-laser. The ambiguity arises primarily because there is no available CO;-laser
line resonant with the vj-mode. The 9R(32) line is a strong CO,-laser line close to
vi-mode resonance; the 9P(32) line, on the other hand, is resonant with the first
overtone of the v;-mode; and the 9R(22) line, one of the more intense CO; lines
in the 9-um region, lies between these two bands (71 cm! detuned from v, and
44 cm! from 2v;). Because infrared multiphoton excitation is intensity dependent
for a small molecule like SO2, the strong 9R(22) line is historically the one most
often utilized in the literature. It is not immediately clear, however, whether the v,
stretching mode or the 2v; overtone band undergoes infrared multiphoton excitation

when this line is used.
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Using the time-resolved CARS setup described in the previous section we
are able to directly observe the vibrational population in the various modes of
the molecule. We determined that the v;-mode is excited, and that no detectable
overtone pumping occurred under a large number of conditions, including tuning
to the 9R(32), the 9P(32), and the 9R(22) CO,-laser lines, a static gas cell and

supersonic jet samples, and energy fluxes up to 3 J/cm?.

It should be emphasized that our results show that both 9R(22) and 9R(32)
pumping of SO; lead to excitation of the v;-mode at 1151.3 cm!. While these
lines are significantly detuned from the band head, they fall near the peak of the
rotational Q-branch of the v;-mode at room temperature. This result should provide
a clearer understanding of previous and future work in the field, and also illustrates
the utility of the multiplex BOXCARS technique for direct observation of mode-

selective excitation.
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ITI.1 CMOS Current Mode Realizations of Neural Network Structures.
J. J. Clark, Contracts N00014-89—-J~1023 and NSF-CDR-85~-00108; Research
Unit 9.

In this research program we are concerned with the development of analog
CMOS circuits to be used in neural network systems. In particular we are interested
in networks that can be used for the processing of sensory information. Towards

this end we have been working on the following three projects:
1. CMOS Analog Self-Organizing Neural Networks

As described in the previous year’s report we are investigating the design
and construction of a self-organizing feedforward neural network which, in theory,
exhibits behavior similar to the first few layers of the visual cortex in mammals.
The basic structure of our current mode design combines analog current multi-
plier synapses and bidirectional current mirror summation elements with a weight

updating circuit.

The weight update circuit computes a stochastic (if the input to the neuron
is a random process) correiation between the input to the neuron and the output.

If the correlation is high, the synaptic weight corresponding to the particular input
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in question is increased. Conversely, if the correlation is low, the synaptic weight
is decreased. We combine the correlation process, weight storage and weight up-
dating in a single subsystem, a switched capacitor integrator. This circuit has two
capacitors. The first integrates the input voltage over a period of time. The second
acts as a hold or storage device. At the end of each integration period the charge
on the integration capacitor is dumped onto the hold capacitor, thereby performing
the update of the synaptic weight. As this switched capacitor integrator is such an
important part of our analog neural elements, we fabricated test circuits in order to
analyze their performance. These integrators were made in various sizes (different
sized transistors), to see how small we could make them without losing function-
ality. The minimum useful size (of the integrator amplifiers, and not counting the
area of the capacitors) was 40u by 50u. We also were able to examine the unifor-
mity of the integrator (actually the operational amplifier) characteristics across the
chip. It was found that the integrator to integrator variations in performance (hold
time, offset voltages) were quite small and should not present problems in a neural
network chip (especially in light of the fact that the self-organizing neural net is
very insensitive to offsets and gain variations — they get learned as well). The hold
times of the integrators were on the order of tenths of seconds. Thus the maximum
integration time for the learning phase of the self-organizing neural net is about
10 milliseconds. This could cause a problem if the statistics of the input to the
net are such that a long integration time is required for accurate determination of
correlations. Longer integration times could possibly be obtained if one can handle
the leakage of the integrator capacitor. Since the integrator is in a feedback loop,
where the integrator output sets the gain applied to the signal going into the inte-
grator, any droop in the final integrator output can be compensated by an increase
in the gain (or synapse weight). This approach reduces the signal-to-noise ratio,

and can only extend the integration time a moderate amount, since the droop in
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the integrator voltage due to leakage is exponential. A potential problem with the
switched capacitor integrator that was discovered after fabrication was the leak-
age of the switches in the integrator. This leakage (which was due to the reverse
current of the source-substrate and drain-substrate junctions) caused both a slight
increase in the droop rate and a poor isolation of the integration capacitor and
the input voltage. Thus there will be some input-dependent charge transferred to
the storage capacitor during the interval in which charge is being dumped from the
integration capacitor to the storage capacitor. This could cause problems if we were
using the integrator in a “sample-hold” configuration, but because we are dumping
charge from the integration capacitor to the storage capacitor in a very short time
compared to the integration time, the effect should be small. The leakage of the

switches connected to the storage capacitor only contribute to the droop rate.

A CMOS chip containing a single 10 synapse neural element has been fab-
ricated, although it has not yet been fully characterized and tested. The current
mode neural element is a complex system and requires a significant amount of cir-
cuitry to test it. There are 5 bias voltages which have to be set for proper operation
(and these voltages interact somewhat), there are 10 inputs to vary, and there are
2 clock signals whose relative timing is critical. We are currently in the process
of constructing the test set. We have made some basic tests of the chip. The
current mode input/output pads {(which are essentially the same as a single input
nonadaptive neural element) work as desired and, in particular, are very linear. As
mentioned above, we verified the operation of the integrator circuits. The analog
multiplier circuits used in the synapses were fabricated on a previous test chip and
their operation verified. It was observed that, because of the current mode ap-
proach, the power dissipation of the neural elements is quite high. A single element
dissipates 600 milliwatts. Thus, if we do not reduce the power consumption by

some alteration of the circuit design, the planned 25 element chip would dissipate
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15 watts. This is not feasible with the current packaging of the chips. Hence, we
plan to redesign the circuit to reduce the power consumption. The majority of the
current draw is by the summing junction of the neurons, the sum and difference
blocks of the analog current multipliers and by the current mode input and output
pads. We will therefore concentrate on bringing the current draw of these circuits

to a more reasonable level.
2. Fixed Weight Analog Neural Network for Sensor Processing

Not all neural networks need to be adaptive to be useful. For example, the
neural systems in the early levels of the mammalian visual system are more or less
fixed in their functionality. The current mode approach used in the above adaptive
feedforward network can be straightforwardly applied to implementing spatial fil-
tering and feature extraction processes. To this end we have fabricated and tested
spatial filtering (or convolution) circuits using the current mode neurons. These
neurons were without the weight adaption circuitry, and used bidirectional current
mirrors for current multiplication rather than the more complex analog current
multipliers. We can do this since we do not need to change the synaptic weights.
Our test spatial convolution chip showed that we can perform useful convolution
operations (we implemented z and y derivative operators, as well as smoothing op-
erators), as well as implement both positive and negative convolution coefficients

(or in biological terms, excitatory and inhibitory synapses).

As these fixed-weight neural networks are intended for sensory information
processing tasks we have investigated combining these on chip with sensors of vari-
ous kinds. We have fabricated a test chip that contain both magnetic sensors and
spatial filters. This chip did not work as desired due to problems with the offset
voltage of the magnetic sensors. We have a new design which should solve this
problem. We will send this chip out for fabrication in the near future. We have also

fabricated a test chip containing phototransistors. These photo-sensitive devices
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will be used in the active sensor chip described below. These devices were the same
as described by Carver Mead. Our measurements on the fabricated devices showed

that they had high sensitivity and the desired logarithmic response.
3. Hybrid Architecture for Active Sensor Chips

We are working on a novel application of our current-mode neural-network-
based sensory information processing circuits. This is the active sensor chip. This
device, unlike standard sensors which output a steady stream of sensory data (like
the video signal of a solid state TV camera), outputs motor commands. Such a chip
would find application in small autonomous robots, whose behavior (motor activity)
depends on the data that it senses. We have developed a hybrid (both analog and
digital) architecture for such sensing devices. The digital part of the device performs
the “reasoning” which prioritizes the current goals of the system and determines
the proper motor action to be taken based on the current sensory data. This digital
“reasoning” system is a finite state machine which essentially chooses the output of
one of a number of analog modules that convert sensor data into desired motions.
For example, one module may be concerned with line finding, so it performs edge
detection (using the current mode convolver), determines the edge direction and
outputs this as the desired direction of motion. We have developed a software
simulator of a general active sensor chip which allows us to develop the “program”
(i.e., the state transition diagram of the finite state machine) that results in a given
system “behavior” (how the system responds to a given sensory stimulus). We plan
in the future to implement a simple instantation of such an active sensing device in
CMOS, using the current mode analog neural networks that we have developed as

well as more standard digital implementations of finite state machines.
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ITI.2Decision and Control — Discrete Event Dynamic Systems Study.
Y. C. Ho, Grant N00014-89-J-1023, Contracts ONR~N00014-86-K-0075,
NSF-ESC-85-15449, NSF-CDR-88-03012, and DAAL-03-86-K-0171; Re-
search Unit 10.

In 1989-90 we continued our research in Discrete Event Dynamic Systems
(DEDS) and Perturbation Analysis (PA). On the theory side, a rather complete and
satisfying picture of the unbiasedness and consistency of PA estimates is emerging
in a series of papers by Glasserman, Hu, and Strickland (see publication lists below).
At the same time, specific advances on the theory of second derivative PA estimates
for various versions of single queue-server combinations have been carried out. Two
books in a book series dedicated to the subject are now scheduled for publication in
1990. An international Journal on DEDS has been launched. All of these testify to
the acceptance and growth of the subject matter which the Harvard group played

a leading part in creating.

We also developed a new algorithm for the performance gradient estimation
of very very large arbitrary Markov Chains (with state space of the order of one
billion). This is a feat that has never been done before. As a corollary, these results
make practical the application of likelihood ratio (LR) method to DEDS. Previously,
variance problems have plagued the LR method. The technique developed is a
generalization of the regenerative segmentation idea but allows the direct control of

segment length, and hence variance growth.

On the application side, we are applying the PA methodology to the FDDI
(Fiber Optic Distributed Data Interface) problem in telecommunication networks.
FDDI will become a standard interface for computer-communication systems. Its
performance analysis so far, however, has been largely approximate or via brute
force simulation. We hope to use PA techniques to enhance the efficiency of simu-

lation.
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Jian-Qiang Hu, DEDS Workshop at University of California at Berkeley, May
20, 1989.
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1989.

L. D. Servi, Texas A&M University, Industrial Engineering Department’s Dis-
tinguished Lecture Series, October, 1989.

L. D. Servi, Joint National ORSA/TIMS Conference, New York, October,
1989.

Honors/Awards/Prizes

Y. C. Ho was appointed Editor-in-chief of the new International Journal on
Discrete Event Dynamic Systems.

Y. C. Ho was invited to be Associate Editor of the new journal on Mathematical
Systems and Control.

Graduate Students and Postdoctorals Supported Under the JSEP
for the Year Ending July 31, 1990.

Drs. Les Servi, S. Strickland, Bin Zhang, J. Q. Hu and Messrs. K. Budka, L.
Y. Shi, J. Feigen, and L. Y. Dai.
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IV. ELECTROMAGNETIC PHENOMENA

Personnel
Prof. T. T. Wu Mr. G. Fikioris
Prof. R. W. P. King Mr. D. K. Freeman
Dr. J. M. Myers Ms. M. Owens
Dr. H.-M. Shen Ms. B. H. Sandler

Research in the area of electromagnetic radiation is directed toward the so-
lution of practical problems through the complete understanding of the underlying
physical phenomena. This involves the coordinated application of modern analyt-
ical, aumerical, and experimental techniques and the use of high-speed computers
and precision instrumentation. Application is also made of modeling techniques
and the principle of similitude. Most practically significant problems in the area
are sufficiently complicated that extensive computation and measurement are of-
ten required to justify approximations that are usually necessary. Where possible,
general formulas are obtained and verified experimentally so that the phenomenon
unc :r study can be understood physically in analytical form and not just as a set

of n.imbers.

The researches are concerned primarily with the properties of antennas and
arrays and of the electromagnetic fielas they generate in various practically im-
portant environn.ents that lead to difficult problems with complicated boundary
conditions. Examples include dipoles, insulated antennas, traveling-wave antennas
and arrays, crossed dipoles, and loops near the boundary between two media such
as air and the earth or sea, or the oceanic crust and sea water; the properties
of lateral electromagnetic waves; remote sensing with lateral waves from the sur-

face of the earth or sea, the arctic ice cr the sea floor; lateral waves and reflected
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waves in horizontally-layered media; the generation, propagation, and reception of
lateral electromagnetic pulses; arrays of antennas along curved lines; and solitary

electromagnetic pulses with slow rates of decay.

IV.1 Analytical and Numerical Determination of the Fields of Antennas
near an Interface Between Two Half-Spaces with Significantly Dif-
ferent Wave Numbers. T. T. Wu, R. W. P. King, B. H. Sandler, and
M. Owens, Grant N0O0014-89-J-1023; Research Unit 11.

In 1982, King [1] derived simple formulas for the electromagnetic field of a
vertical electric dipole that are valid everywhere in the earth (Region 1) and on the
boundary with air (Region 2}, when the dipole is also on the boundary in either

region or at depth d in the earth. The following conditions were imposed:
k31> k3] or  [ky] 2 3lky), (1a)
and, on the surface-wave terms,

2> |z1% p% > 4 (1b)

1/2 1/2 _

where k; = 3, + ia; = w[pole; + iy /w)]!? and ky = w(pgeo) w/c are the

wave numbers of the two half-spaces.

Recently the electromagnetic field generated by the vertical electric dipole has
been determined when the dipole is at any height in the air [2]. Simple explicit new
formulas are derived in closed form for the three components of the electromagnetic
field in the air. They show that the surface waves constitute the entire far field
along the air-earth boundary (© = =/2). Far from the boundary the surface wave
is negligible and the field is accurately given by the direct and image terms. An
important generalization in the derivation of the new simple formulas for the com-
ponents of the electromagnetic field is the extension of their range of validity to any

point in the air when the dipole is at a height d also in the air. Exact formulas are
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obtained for the direct and image fields; the surface-wave terms are derived subject
only to the condition (1a). The restrictions (1b) are eliminated so that the new
formulas give the field everywhere, i.e., at all values of p and :z, except at points

very close to the dipole.
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2. R. W. P. King, “Electromagnetic Field of a Vertical Dipele Over an Imper-
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IV.20n the Radiation Efficiency of a Vertical Electric Dipole in Air
Above a Dielectric Half-Space. R. W. P. King, B. H. Sandler, and
M. Owens, Grant NC0014-89-J-1023 and MITRE Corp. Project No. 91260;
Research Unit 11.

A study of the fraction of power that remains in the air (upper half-space) and
the fraction that is transferred into the earth (lower half-space) when the radiating
source is a vertical dipole at a height d in the air has been completed [1]. The
power P radiated by the dipole was separated into two parts by Hansen [2]: a
part P, that remains in the air, and a part P, that is transferred into the earth.
Hansen introduced this division of power in order to define the radiation efficiency
as n = P,/(P, + P,;). This is the fraction of the power radiated by the dipole
that remains in the upper half-space. Since it appears superficially obvious that
radio transmission between antennas in the air depends on the power that remains
in the upper half-space, it seems reasonable to assume that the most desirable
antenna is one that has the highest radiation efficiency. Actually, this ignores
the important fact that power ultimately transferred to the earth at large radial

distances is available in the air at all shorter distances.

The determination of the power in each region as a function of the height d of
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the dipole involves not only direct, reflected, and refracted or transmitted waves, but
also a surface wave that travels along the boundary in the air. The newly derived
formulas [3} for the electromagnetic field in air of a vertical electric dipole at the
height d in air—described under the previous topic—show that, when d ~ 0, the
entire field along the surface of the earth is given by a surface wave that propagates
along the boundary in the air and transfers power into the earth as it travels. The
surface wave is shown to contribute a major part of the low-angle field needed for
over-the-horizon radar. Since all the power associated with the surface wave is
transferred into the earth, an antenna that generates a large surface wave—like the

vertical dipole on the earth—must have a low radiation efficiency.

Hansen’s numerical evaluation [2] of the radiation efficiency of the vertical
electric dipole indicated that P, grows without limit as the height d of the dipole
is reduced to zero. This means that P, and the radiation efficiency both vanish as
d — 0. In [1], the radiation efficiency as defined by Hansen has been reformulated
and evaluated analytically for a dielectric earth. It is shown that the radiation

efficiency decreases to a small value when d — 0, but not to zero as obtained

numerically by Hansen.

An antenna with high radiation efficiency in the sense defined by Hansen (2]
necessarily must generate a very weak surface wave. On the other hand, an antenna
that generates a strong low-angle field with a significant value along the boundary
surface, © = 90°, necessarily generates a strong surface wave that transfers all the
power associated with it into the earth. The design of an antenna that maximizes the
surface wave and the entire low-angle field in the range 80° < ©® < 90° is a problem
of considerable interest. Such an antenna will have a low radiation efficiency and
most of the power radiated will not remain in the upper half-space (air) but will be
transferred to the lower half-space (earth). It may be concluded that the concept

of radiation efficiency as defined by Hansen is not a useful figure-of-merit.
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IV.3 The Propagation of Signals Along a Three-Layered Region: Open
Microstrip. R. W. P. King, B. H. Sandler, M. Owens, and T. T. Wu, Grant
N00014-89-J-1023; Research Unit 11.

A rigorous approach to the analysis of microstrip circuits involves complicated
integrals that must be solved numerically. An alternative is to seek a fundamental
understanding of the nature of electromagnetic-wave propagation in microstrip by
obtaining simple analytical approximations of the integrals in a manner similar to
that carried out for the problem of two electrically different half-spaces. Actually
microstrip is a special three-layered region and some of its properties can be inves-
tigated in terms of the electromagnetic field generated by a unit horizontal electric
dipole on the air-dielectric surface. Of primary interest in microstrip circuits and
antennas is the electric field at the air-dielectric boundary and in the air above it,

when the horizontal dipole is on the boundary.

During this reporting period, a new analysis has been completed in which the
unit horizontal dipole is assumed to be in the air on the surface of the dielectric.
Formulas for the field have been calculated from the exact integrals subject to the
inequalities k2 < [k?| <« |k3|, where k, is the wave number of air, k, the wave
number of the dielectric substrate, and k, the wave number of the conducting
base. The complicated integrals for the electromagnetic field are greatly simplified

if an approximation is made at the outset that does not alter the fundamental
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properties. The approximation is to assume that the highly conducting base—
Region 2—is perfectly conducting. Complete expressions for the six cylindrical
components of the electromagnetic field in air of a horizontal electric dipole at
the height d' over a dielectric-coated conducting plane have been obtained. Their
application to determine the complete field of a microstrip patch antenna is in

progress.

A comparison shows that the surface wave in the air above the substrate in
microstrip is closely related to the surface wave in the air above a dielectric half-
space. The amplitude is modified by the factor (—:k,!) or multiples thereof, where
[ is the thickness of the dielectric substrate. The presence of the conducting half-
space at the small distance [ from the air-dielectric boundary eliminates propagation
with the wave number k; in the dielectric, and provides the amplitude factors in
powers of (—ik;!). In effect, the surface wave that propagates in the air along
the air-dielectric boundary is unaffected except in amplitude by the presence of the

conducting half-space at all radial distances from the source smaller than p ~ k%/k2.

Studies of the fields generated by the pulse excitation of a horizontal dipole
on the air-substrate boundary of microstrip are also being investigated [1]. Recent
work has shown that the presence of the dielectric substrate significantly affects the
vertical component of the electric-field pulse. In the absence of the dielectric layer,
the decrease in amplitude with radial distance is extremely rapid for E, ~ 1/p? and
even more so for E, ~ 1/ p3. With the dielectric present, both E. and E, decrease
slowly with increasing distance— ~ 1/p. The shape of the E, pulse in the absence of
the dielectric layer is essentially the superposition of a positive Gaussian pulse and a
reflected negative, slightly delayed Gaussian pulse. In the presence of the dielectric
layer, the shape of E, is obtained from the superposition of a pulse with the shape
of the derivative of a Gaussian pulse and a similar reflected negative and slightly

delayed pulse. This is readily understood if it is recalled that the leading 1/p term
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in the surface-wave pulse generated on the boundary between two dielectric half-
spaces by a Gaussian current pulse in a horizontal electric dipole is the derivative of
a Gaussian pulse {2]. The 1/p field of the surface wave propagates as the derivative
of a Gaussian pulse; the 1/p? field of the direct field in air propagates as a Gaussian
pulse. In the presence of a conducting half-space, both are reflected and the delayed

reflected pulse combines with the direct fields to produce the final pulse shapes.
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IV.4 Lateral Electromagnetic Waves from a Horizontal Antenna for Re-
mote Sensing in the Ocean. R. W. P. King, Grant N00014-89-J-1023;
Research Unit 11.

The method developed earlier [1], [2] for finding a buried metal cylinder in
the earth can be adapted to the search for cylindrical metal objects like mines and
submarines in the ocean or lying on the sea floor. Because salt water has quite
different properties from earth, both the theoretical adaptation and the practical
application of the method involve significant modifications that are scientifically
interesting. These includ: the following: (a) The fluid nature of water makes it
possible to locate and move both the transmitting and receiving antennas, not
in the air, but in the same medium as the cylinder to be located. This greatly
increases the magnitude of the receivable scattered signal and significantly reduces
the possible interference by reflections from the ionosphere, because the transmission
coefficient of a plane wave normally incident on the surface of the sea from the air

is very small at the frequencies involved. (b) The much higher conductivity of the
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sea water compared to earth leads to a much greater complex wave number for
electromagnetic waves. The associated wavelength is much shorter than that in the
earth at the same frequency. It follows that a much lower frequency must be used
in order to have the scattering cylinder with length 2k near resonance. Associated
with the use of a lower frequency is a helpful decrease in the exponential attenuation
of a traveling wave and a disadvantag=zous shift in the properties of lateral waves

from those of the intermediate field with a radial decrease with distance of p~!

to the near fleld with a radial decrease of p~3.

Account is readily taken in the
analysis of these important facts. A systematic study has been made [3] of the
several important factors involved in the development of a method for locating
submerged submarines from measurements of the scattered electromagnetic field at
the surface. These involve the properties of crossed antennas in the sea at very low
frequencies and the circularly polarized iateral-wave fields they generate, as well as
the field scattered by a submarine and a crossed receiving antenna to detect this.

Representative calculations are made to illustrate the relative orders of magnitude

of the dimensions and fields involved and the required sensitivity of a receiver.
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IV.5 Lateral Electromagnetic Pulses Generated by Horizontal and Ver-
tical Dipoles on the Boundary Between Two Dielectrics. T.T. Wu
and R. W. P. King, Grant N00014-89-J-1023; Research Unit 11.

In a recent paper (1] formulas are derived for the transient field generated by
a vertical electric dipole on the boundary between air [Region 2; k; = w(ugeo)/?]
and a dielectric half-space [Region 1; k; = w(ugee,)/?] when excited by a Gaussian
pulse. The time-demain formulas are obtained by Fourier transformation of the
corresponding steady-state formulas. Since these are approximate in the sense that
the permittivity of the dielectric is assumed to be large compared with that of air,
the transient formulas derived from them do not include a second, much smaller
pulse that travels in the dielectric and arrives much later than the main lateral
pulse that travels in the air. This leaves some uncertainty about the accuracy of
the approximate transient formulas at and near the time of arrival of the second

pulse.

A new paper [2] has been written to obtain the exact field so that this question
can be clarified. Since an exact formula is available for the vertical component
of the electric field when the vertical dipole is excited by a delta-function pulse
(3], this can be applied to obtain the corresponding component of the transient
field with Gaussian-pulse excitation. The resulting integral has been evaluated
numerically and compared with the approximate field. The agreement is very good.
The only differences are a somewhat more rounded minimum and somewhat sharper
maximum in the exact pulse and the nonappearance of the relatively small second

pulse in the approximate field.

The question about the second pulse that travels in the dielectric and arrives
at a later time is completely resolved in the exact solution. The second pulse is seen
to arrive at the predicted time, and to have a Gaussian shape with an amplitude that

is very much smaller than that of the first pulse, as expected. An important insight
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gained from the approximate formulas is an explanation of the quite different shapes
of tire two pulses. The first pulse is dominated by the derivative of the Gaussian
pulse with its 1/p amplitude factor. The Gaussian term has the amplitude factor
1/p?, so that it decays much more rapidly with increasing radial distance. Since the
second pulse has the Gaussian shape, it must also be a 1/p? term—but i. is missing

from the approximate formulas.

Since the transient field calculated by Fourier transformation of the approxi-
mate steady-state formulas gives accurate results for the vertical dipole except for
the nonappearance of the small second pulse, the same should be true of the very
similar field of the horizontal dipole on the boundary z = 0 in the dielectric. The
corresponding approximate formulas are derived in 2] for the electric field of a hor-
izontal dipole. It is seen that the transient field on the boundary surface generated
by a single Gaussian current pulse consists of two outward traveling pulses. One
travels in the air with the velocity c, the second travels in the dielectric with the

~1/2 Except close to the source, the dominant part of the pulse in air

velocity ce
consists of the 1/p terms in E;.(p,¢,0;t) and E,;,(p,¢.0;t). These have the form
27’ exp(—7'?) of the derivative of the Gaussian pulse exp(~7'2). The dominant
part of the pulse in the dielectric consists of the 1/p? terms in all three components.

The 1/p3 terms constitute the static field due to the charges left on the ends of the

dipole. This field remains after both pulses have traveled to infinite distance.
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a Vertical Dipole on the Boundary Between Two Dielectrics,” J. Appl. Phys.
62, 4345-4355 (1987).

IV.6 Lateral Electromagnetic Waves (Manuscript for Book). R. W. P.
King, T. T. Wu, M. Owens, and B. H. Sandler, Grant N00014-89-J-1023;
Research Unit 11.

It has become a tradition in the publication of researches in the area of electro-
magnetic phenomena to periodically summarize and coordinate major segments in
book form. Accordingly, a manuscript is in preparation which contains the results
of current and past researches on lateral electromagnetic waves that have been sup-
ported in large part by the Joint Services Electronics Program. The book is entitled
“Lateral Electromagnetic Waves: Theory and Applications to Communication, Geo-
physical Exploration, and Remote Sensing.” It has been accepted for publication
by Springer/Verlag and is very near completion. The chapter headings are: 1. His-
torical and Technical Overview of Electromagnetic Surface Waves; Introduction to
Lateral Waves, 2. Electromagnetic Preliminaries, 3. The Electromagnetic Field of a
Unit Vertical Electric Dipole in the Presence of a Plane Boundary, 4. Applications
of the Theory of the Vertical Dipole Near The Boundary Between Two Half-Spaces,
5. The Electromagnetic Field of a Horizontal Electric Dipole in the Presence of a
Plane Boundary, 6. Irterference Patterns; Comparison of Approximate Formulas
witl, General Integrals and Measurements, 7. Applications of the Theory of the
Horizontal Dipole Near the Boundary Between Air and Earth or Sea, 8. The Mea-
surement of the Conductivity of the Oceanic Lithosphere with a Horizontal Antenna
as the Source, 9. Lateral Waves in a One-Dimensionally Anisotropic Half-Space,
10. The Propagation of Lateral Electromagnetic Waves in Air over Vertical Discon-
tinuities, 11. The Horizontally Layered Half-Space, 12. The Three-Layer Problem
for Sediment on the Oceanic Crust, 13. Lateral Electromagnetic Pulses Generated

by Vertical Dipoles, i4. Approximate Formulas for Lateral Electromagnetic Pulses
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Generated by Vertical and Horizontal Electric Dipoles, 15. The Propagation of Sig-
nals Along a Three-Layered Region: Open Microstrip, 16. Antennas in Material
Media Near Boundaries: The Bare Metal Dipole, 17. Antennas in Material Media

Near Boundaries: The Terminated Insulated Antenna, 18. The Wave Antenna.

IV.7 Theoretical Study of Electromagnetic Pulses with a Slow Rate of
Decay. T. T. Wu, J. M. Myers, H. M. Shen, and R. W. P. King, Grant
N00014-89-J-1023, Army LABCOM Contract DAAL02-89-K-0097, and DOE
Grant DE-FG02-84ER40158; Research Unit 11.

~

The interesting possibility of generating electromagnetic pulses of finite total
radiated energy that can deliver energy to a distant receiver that decreases with
distance much more slowly than the usual 7=2 is being investigated both theoreti-
cally (this topic) and experimentally (see Topic IV.8). Such pulses are conveniently
referred to as electromagnetic (EM) missiles [1]. Such electromagnetic missiles can
be generated by any of a class of current distributions over one or another set of
points contained in a bounded region of a two-dimensional or three-dimensional
space. For a given current-bearing set of points as a transmitter, one can explore
various time and space dependencies of the transmitting current. Over some classes
of dependencies, the energy reaching the receiver decreases as r~¢, where ¢ is a pos-
itive number that can vary from one current to another. Current-bearing sets so far
explored have dimension 0, 1 or 2. For these, the requirement of finite total radiated
energy establishes a greatest lower bound on ¢, dependent on the dimensions of both
the set and the space in which it resides. This infimum defines what can be called
the pulse index of a set relative to the space containing it. One might conjecture
that the pulse index can be defined for sets of fractional Hausdorff dimension. In
a new paper (2] it is shown that this is so, and that for certain sets of fractional

dimension, the index is related to the dimension just as it is for integral dimensions.

The theoretical analysis of various electromagnetic-missile launchers has con-
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tinued during this period with the investigation of the spherical reflector illuminated
by a point source [3]. This structure too is found to be capable of launching an
electromagnetic missile. Since the surfaces of the reflector are not complete spher-
ical surfaces, the problem cannot be solved by simple boundary matching. The
electromagnetic fields have to be solved in three regions separately. The general
solutions are matched on the boundaries to obtain a set of coefficient equations.
Under the conditions for an electromagnetic missile, the coefficient equations are
solved asymptotically. The evaluation of the Poynting vector shows that the energy
radiated from the reflector has the same slow rate of decay as for the spherical lens.
An analysis of the spherical reflector as a possible launcher of curved electromag-

netic missiles 4] is under consideration.

Also during this period, the echo backscattered when an EM missile encounters
a plate target has been studied [5]. Conventional radar pulses spread so that the
energy reaching a reflecting target at range r decreases as 2. The energy echoed
from the target also decreases as r~2, so that the energy backscattered to the
transmitter is proportional to the product, i.e., to r=4. Pulses of finite total energy
that satisfy Maxwell’s equations need not decrease as r—2, but can instead decrease
much more slowly, for instance as r~¢ where € is a positive number that can be
chosen as small as one pleases. By analogy with conventional radar, one expects
the energy of the backscattered echo of an EM missile to be proportional to r—2¢.

Instead, the reflector acts as a high-pass filter and the reflected energy decreases

even slower, proportional to r~¢, so that no squaring occurs.
) b

Since the last report, a paper on the theoretical investigation of electromag-
netic missiles at off-axis field points and their properties for the case when the
launcher is a circular current disk has been published [6]. The results indicate that
the electromagnetic-missile effect extends beyond the cylindrical region defined by

the radius of the disk. Electromagnetic missiles are found to have the following
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properties in addition to the slow decrease of energy: (1) The electromagnetic mis-
sile propagates with a waveform that remains similar in shape but diminishes in
size. (2) The transvcrse distribution of energy around the axis is stable; when
the longitudinal distance increases, the transverse pattern of the energy remains
the same. This “plane-wave beam-like” property is different from continuous-wave
(CW) radiation, in which the energy pattern is like that of a spherical wave. (3) The
transverse energy pattern has a cusp on the axis. This property is also different
from CW radiation. Although derived for the case of a current in a plane, these
properties are also valid for other EM-missile launchers, such as the open-ended

waveguide and the spherical lens.

The properties described above assume a uniform distribution of the electric
field on the aperture. If the distribution of the current or the field is nonuniform,
how are the properties of EM missiles, such as their waveforms, energy decay and
transverse patterns affected? In another paper published during this period [7] the
effects of a nonuniform distribution of the electric field on the aperture of a parabolic
dish are examined. The general formulas for the EM field and associated energy
radiated from a variety of nonuniformly distributed aperture fields are derived first
with an unlimited spectrum and then with a limited spectrum, i.e., with a practically

feasible excitation.

A study of a variety of continuous, nonuniform distributions in the aperture
fields has found that: (1) The aperture field with a nonuniform distribution has
the ability to launch an EM missile. (2) The effects of the nonuniform distribution
are characterized by an angular average function. (3) The waveform of the radiated
field excited by a single impulse consists of two mutually oppesite pulses. For a
fixed distance, its amplitude decreases with increasing nonuniformity of the source.
(4) If the spectrum extends to infinity, the nonuniform distribution affects only the

magnitude of the energy, not its rate of decay. (5) If the spectrum is limited, the
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nonuniform distribution significantly affects the rate of decay of the energy. The

more nonuniform the source, the faster the decay.

A secona kind of nonuniform distribution, i.c., an array composed of point
sources, has also been examined (7). Strictly speaking, the energy radiated from
such an array cannot decrease more slowly than 1/z? since the decay parameter ¢
is constrained by the condition of finite total energy and, hence, must be greater
than 1. However, for practical excitations where the frequency spectrum has a cut-
off, the constraint that ¢ be greater than 1 does not necessarily apply. A numerical
analysis has shown that, depending on the cutoff frequency, there is a minimum
number of elements N and minimum distance : beyond which the energy from the
array can decrease as slowly as the energy from a continuously distributed disk of
the same size. The energy from a point-source array increases according to .V2
when the excitations are synchronous, but according to .V when the excitations are
random. If the elements of the array are “patch sources” rather than point sources,
under certain conditions involving N and :z, the energy radiated from the array
can also achieve slow decay. Examples of patch sources include open waveguides,

parabolic dishes, and lenses.
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IV.8 Experimental Study of Electromagnetic Pulses with a Slow Rate of
Decay. H.-M. Shen, R. W. P. King, and T. T. Wu, Grant N00014-89-J-1023,
and Army LABCOM Contract DAAL02-89-K-0097; Research Unit 11.

The purpose of the experiment is to demonstrate missile-like electromagnetic
pulses. More specifically, this is a program to build and test devices capable of
launching electromagnetic missiles. The program must measure the EMP accurately
enough to confirm the slow decay of the energy and provide the means for improving
the design of the EM-missile launcher. Because a missile-like electromagnetic pulse
(EMP) involves transients with rise times under 100 picoseconds, the measurement

of short pulses is essential.

The experiment consists of an electromagnetic-missile launcher fed by a volt-
age pulse generator that radiates an EMP. The pulse travels above the ground plane,
is received by an EMP sensor, and then recorded by a sampling oscilloscope. The
platform is a 51 x 16 square-foot metal ground plane supported by a 4-foot-high
wooden frame. The EM field is radiated, propagated, and received above the ground
plane. Due to the image effect, the EM field above the ground plane is equivalent

to that in free space.

In order to detect very short electromagnetic pulses under 100 picoseconds in
width, a receiving antenna with a wide band from 0 to 14 GHz is needed. The usual
short dipoles or monopoles do not provide both the required fidelity (bandwidth)
and sensitivity. Two new EMP sensors—the L-antenna and the V-antenna—have

been designed, analyzed and tested [1]. They are simple and inexpensive, and
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can detect the electromagnetic pulse with both high fidelity and sensitivity. An
approximate analysis is given in [1] for better understanding and optimum design
of the proposed EMP antennas. Compared to other sensors of the same height,
the bandwidth of the new sensors is two times wider; compared to sensors of the
same bandwidth, the sensitivity is two times higher for the L-antenna and eight
times higher for the V-antenna. Another advantage of the new sensors over the
short dipoles is that there is no need for an integration to restore the waveform of
the incident field; the output waveform is very nearly proportional to that of the
incident field. This is a great advantage in the data processing since the integration
would introduce significant error due to the DC offset. In the experimental study
of electromagnetic missiles, the pulse widths detected by these new sensors is only

6% wider than that of the incident EMP.

In order to emit an EM pulse with a spherical wave front, a special feeding
antenna—the V-conical antenna—has been designed, analyzed and tested [2]|. Such
a V-conical antenna has the ability to emit a pure spherical wave. This is very
important in order to obtain an “in phase” plane-wave front at the aperture of the
dish. Other advantages include the fact that its structure is suitable for combining

with a lens or reflector, and a theoretical analysis of its properties is feasible.

After adopting the newly designed transmitting antenna (V-conical antenna)
and receiving antenna (L-antenna), the entire system was found to work properly up
to 10 GHz. In the first set of data reported two years ago [3], the measurements were
taken at 16 evenly spaced observation holes along the :-axis on the ground plane.
The EM pulse launcher was a parabolic dish. The measurements reported last year
were taken of the off-axis electromagnetic fields launched from the parabolic dish
on the ground plane. These results have now been published [4], [5]. The off-axis
observation holes are located in the : direction at z = 13, 25, 37 and 49 feet. At

each of these distances, there are five holes, with a 1-foot separation between them,

83




eg,r=0,1,...,4 ft. The measured data show that: (1) The waveform of the
EM field on the axis radiated from a parabolic dish excited by a single impulse
consists of two mutually opposite pulses; when the off-axis distance z increases,
the two pulses move apart and their amplitudes decrease; (2) the energy decreases
transversely beyond the cylindrical region defined by the radius of the parabolic
dish; and (3) the transverse distribution of the energy is stable within z = 37
feet; beyond this distance, the transverse distribution changes and spreads. An
examination of the data indicates that the measured waveforms at different off-axis
locations are comparable with those calculated from the theory. When the energy
distributions are compared, however, the measured values appear to spread faster
than their theoretical counterparts. This may be due to the mechanical error of the

parabolic dish.

Measurements were then taken of the off-axis electric field from an open wave-
guide on the ground plane. The measured waveforms from the open waveguide are
comparable to those measured from the parabolic dish, except for complications due
to the presence of EM pulses reflected from the wall of the tube. The measurements
show that the magnitude of the waveforms from the open waveguide has increased
by only 6%, which is a smaller increase than predicted by the theory. This may be
because the length of the waveguide is tor short to establish a stable TE,; mode

inside the tube.

Progress in the experimental investigation during the current year include
the construction of a new hyperboloidal lens system consisting of a parabolic lens
made of wax and a V-conical antenna with a 30° upex angle located at the focal
point of the lens. The apparatus has been tested and adjusted and, as expected,
the lens system performs like an aperture field, similar to that from a parabolic
reflector. Both the measurement and simulation show that the electromagnetic

missile launched from the hyperboloidal lens exhibits a similar slow rate of energy
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decay and similar waveform consisting of a pair of opposite pulses. A paper on

these results is being written [6].
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A review (1] of available data from numerous experimental and theoretical
researches—many carried out over 25 years ago—combined with a very recent
quantum-mechanical investigation (2|, has led to new insights into the possibilities
of closed loops of dipoles as highly directional arrays. The critical newly empha-
sized feature is the remarkable high-Q property of a correctly designed closed loop
of coplanar dipoles when only one element is driven and all dimensions—the length

of the elements, their cross-sectional size and shape, the number of elements, and
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the circumference of the closed loop—are correctly chosen. Before investigating
the potentially important applications of an egg-shaped array as a superdirective
antenna, a systematic study of the properties of the circular array is neressary. In

particular, improved methods for solving the integral equation for the current in a

single element, i.e., the tubular antenna, are needed in order to analyzc and design
a resonant circular array more accurately. The results of these investigations are

described below.

Because the two-term theory of circular arrays as formulated by Mack [3] has
certain limitations, a more accurate formulation for the distribution of current on
the elements has been derived. It is particularly essential with closely coupled long -
elements. The new work is contained in two papers by King [4], (5] that introduce
a new approach to the analysis of arrays with elements that include some that are
very closely spaced and many that are far apart. Of particular importance is the
separation of elements into two groups, the one closely coupled with a strong effect
on the distributions and amplitudes of the currents, the other with a far-field-like

interaction.

In the first paper (4], the vector potential and electric field generated by the
current in a center-driven or parasitic dipole antenna that extends from =z = —h
to z = h are investigated for each of the several components of the current. These
include sin k(h — |z|), sink|z| —sinkh, coskz — cos kh, and cos 3kz — cos 3kh. Of
special interest are the interactions among the variously spaced elements in parallel,
nonstaggered arrays. These depend on the mutual vector potentials. It is shown
that at a radial distance p ~ h and in the range —h < z < h, the vector potentials
due to all four components become alike and have an approximately plane-wave
form. Simple approximate formulas for the electric fields and vector potentials
generated by each of the four distributions are derived and compared with the

exact results. The application of the new formulas to large arrays is discussed.
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In the second paper [5], the circular array of parallel nonstaggered elements
is investigated. It has unusual resonances when correctly proportioned. The an-
alytical determination of its properties in their dependence on the radius, length,
and spacing of the individual elements as well as on their number requires a high
degree of accuracy. The solution of the coupled integral equations with the method
of symmetrical components is reexamined with special attention to the problem of
coupling among closely spaced and more distant elements. It is shown that the
defining criterion for close coupling is not kb;; < 1 but b;; < h, where b,; is the
distance between elements ¢ and j, k is their half-length and & = 2x/A. This means
that electrically short elements can be much closer together without close-coupling
effects than long elements. The new study also shows that for electrically short
elements the two-term approximation—which reduces to a shifted-cosine current
in all parasitic elements—is an excellent approximation. The accuracy of the new

general formula is verified for the four-element array and the single element.

An accurate analysis of the current near the open ends of a center-driven dipole
has also been carried out [6], |7] as a necessary improvement on the trigonometric
functions used to represent current distributions especially in long driven elements.
An analysis of the current and charge distributions near the end of a tubular antenna
using the Wiener-Hopf solution has shown that it is possible to derive accurate
expressions for the current and charge near the end of a tubular antenna. The
solution for the current near the end of the antenna is found to be a universal
formula; i.e., when the frequency or length is changed, the relative distribution near

the end remains the same. This is described in more detail under Topic IV.10.
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IV.10 Asymptotic Solution for the Charge and Current Near the Open
End of a Linear Tubular Antenna. H.-M. Shen, T.T. Wu,and R. W. P.
King, Grant N00014-89-J-1023, Army LABCOM Contract DAAL02-89-K-
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Since the dipole antenna is one of the most useful forms of antenna, it has been
analyzed extensively for more than half a century. Most of these analyses have dealt
with the case where the radius of the dipole is small. In such cases, since the vector
potential on the surface of the dipole is roughly proportional to the current, its
distribution obtained theoretically is approximately sinusoidal or, more generally, a
sum of several sinusoidal terms. This traveling-wave-like solution is mainly caused
by the aspect of electromagnetic induction. There is, however, another aspect of
this problem of the current distributions on the dipole antenna. Coulomb repulsion
between charges of the same sign is always present. This repulsion leads to a larger
charge density near the end of the rod than at the center. For the dipole antenna,
this Coulomb repulsion leads to the result that the charge density and, hence, also
the current cannot be described naturally and accurately as a sum of sinusoidal
terms. This effect is most pronounced near the ends of the antenna; it is the

subject of a new paper [1].
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The basic idea of the paper is to use the Wiener-Hopf procedure of solving in-
tegral equations. This is intimately related to the observation that, except possibly
for an overall constant, the current distribution near one end of a dipole antenna
is approximately independent of the details near the other end. First, the problem
of the current distribution near the end of the center-driven dipole antenna, where
Coulomb repulsion is most pronounced, is formulated in terms of a Wiener-Hopf
integral equation, which is then solved exactly. This exact solution is then evalu-
ated approximately using the fact that the radius of the dipole antenna is small.
This last step is technically complicated. Much effort has been directed toward
changing the contours of the integration to improve the convergence. It is found
that the expression obtained for the current from the inverse Fourier transform is
a universal formula in which no parameter other than the radius is involved; i.e.,
the relative distributions of charge and current are independent of the length of the
antenna and the frequency of operation. This means that within the range of about
a quarter-wavelength, the repulsion effect dominates the distributions of charge and
current, so that these are significantly different from sinusoidal distributions which

are the solutions from approximate theories.

With this newly derived universal formula for the current near the end of a
tubular antenna, it is possible to improve the current distribution obtained pre-
viously [2] from the approximate three-term solution. In a second paper (3], the
current near the end of the tube is represented by the universal formula derived in
(1], the currents on the other parts of the antenna by the three-term solution. The
currents and charges obtained from the two formulations are then matched at the
junction. When the combined solution is compared with experimental results, it is
seen that the currents at the end as well as the driving-point admittance have been

improved significantly.
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In order to obtain a general idea of how sensitively the behavior of a su-
pergain antenna is related to its parameters, a circular array comprised of the
simplest elements—point sources or pseudodipoles—is under investigation. The
pseudodipole is a point interaction, i.e., the induced current density depends only
on the value of the electric field at a point. It is therefore intuitively clear that
if the pseudodipole is to approximate a physical dipole, the physical dipole should
be, in some sense, small. Moreover, in order for such a small object to produce a
significant scattered field, one expects that it must be resonant. This suggests the
idea of taking a center-loaded cylindrical dipole, and letting its size tend to zero
while simultaneously adjusting the load reactance in order to keep the magnitude of
the scattered field constant. A paper is being written in which it is shown that, for
an incident plane-wave, this procedure results in a scattered field which is precisely
the scattered field of a pseudodipole. Although the calculation has been carried
out for plane-wave scattering, the identification between pseudodipole and resonant
cylindrical dipole is in fact more general. For example, the two-term theory can
also be applied to a circular array of parallel, nonstaggered, resonant cylindrical
dipoles, in which one element is driven and the rest are parasitic. In this case, the

same identification is obtained. That this must be so becomes apparent in light of
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recent investigatio-s [1] which have shown that the vector potential impressed on
one element of the array by another (for sufficiently large element separations) is
essentially that of a plane wave, even when more sophisticated current approxima-
tions are used (see Topic IV.9). However, in what sense the identification between

pseudodipole and resonant cylindrical dipole holds in general is not so clear.
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IV.12 Closed Loops of Parallel Coplanar Dipoles—Electrically Short Ele-
ments. T. T. Wu, R. W, P. King, and G. Fikioris, Grant N00014-89-J-
1023, Army LABCOM Contract DAAL02-89-K-0097, and RADC Contract
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The first attempt to extend the analysis of large circular arrays to short
lengths—specifically to the length 2h/A = 0.36 predicted for minimum loss (1,
Fig. 5)—was not successful; no sharp resonances occurred. When the thickness of
the elements was later increased from a/A = 0.007022 to a/A = 0.028, the results
were startlingly different. The thicker array displays a remarkable set of sharp res-
onances. Investigation shows that each resonance corresponds to a particular dom-
inant phase-sequence conductance G{™) in the sum over the N/2 phase sequences
that determine the N/2 different currents. A study of the self- and mutual admit-
tances (normalized currents) and far-field patterns of some of the phase sequences
in arrays of 60, 72 and 90 elements has disclosed a remarkable set of properties [2].
Use is made of the method of symmetrical components and a two-term representa-
tion of current in each element. The arrays studied have only one driven element.
The results—which are displayed in a sequence of graphs—indicate that the rela-
tive currents in the elements can be distributed in triplets, triplets alternating with

singlets, two independent sets of singlets, or one set of singlets. These are described
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in turn below.

The m = 10 resonance with N = 60 is particularly interesting. The currents
in the 60 elements form 20 triplets or groups of three, viz., 3-4-5, 6-7-8, ..., 60-
1-2. The currents in the three elements in each group are almost in phase; the
phase difference between the central elements in adjacent triplets is exactly 180°.
The magnitude of the current in each central element is about double that in the
adjacent two and very rearly equal to that in the central elements of the other
triplets. The single exception is the driven element #1 which carries a current
twice as large. The far-field power pattern consists of 20 sharp peaks between 20
nulls. The peaks occur in the directions of the central elements 1, 4, 7, ..., of the
20 triplets. The larger current in the driven element and the lack of exact equality
in the phases of the currents in each triplet represent a rotational asymmetry with

more power radiated in the backward direction.

For the m = 9 resonance with N = 72, the magnitudes and phases of the
normalized currents in the elements are separated into 18 groups of triplets (4-5-
6, 8-9-10, 12-13-14, ..., 72-1-2) with large currents and 18 singlets (3, 7, 11, ...,
71) with very small currents. The central elements of the triplets have the largest
and almost equal currents. They differ in phase from one group of three to the
next group of three by 180°. However, these groups of three are not adjacent but
separated by the singlets. These have small currents and phases that differ by
exactly 90° from the central elements of the adjacent triplets. The 18 peaks in the
field pattern are determined by the 18 triplets. The deep minima (nulls) lie along

the directions of the singlets which contribute little to the field.

For the m = 18 resonance for N = 72, the magnitudes and phases of the
normalized currents are clearly divided between two groups of 36 elements, the
odd-numbered elements (1, 3, ..., 71) with large currents and the even-numbered

elements (2, 4, ..., 72) with small currents. The phase difference from element to
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element within each group is 180°; from element to adjacent element it is 90°. Thus,
each group is in the approximately neutral plane of the other. The field pattern has
36 peaks in the directions of the odd elements and 38 minima in the directions of

the even elements.

In order to generate singlets, it is necessary that m = N/2. With V = 90,
m = 45, the associated resonance peak is extremely sharp. It occurs at d/\ =
0.437432095 and the self-conductance G, ; has the very large value 3.256 Amp/V.
The self- and mutual conductances of all of the elements alternate between equal
and very large positive and negative values. The associated susceptances are very
small compared to the conductances, and the self-susceptance B, ; of the driven
element #1 is very close to zero. This means that the driving-point impedance of
the entire array at the terminals of element #1 is a pure resistance near 0.3 Ohm.
The magnitudes of the normalized currents range from 3.255 Amp for the driven
element to 3.235 Amp in element 45. The associated phases are alternately 0° and

180°. The far-field power pattern consists of 90 nulls between 90 very sharp spikes.

This most recent work on this problem has been motivated by studies of the
pseudopotential and the pseudodipole. A new more accurate imaginary part of the
phase-sequence kernel for the circular array of dipoles has been found; it consists
of a double integral. When expanded in powers of ka, the leading term in the
expansion of the imaginary part is [sink(z — 2')]/k(z — z'), which is precisely the
imaginary part of the self-term of the kernel used up until now but with ka set to
zero. This simple change results in greater accuracy. This is expected to be true as
well for the self-term in the integral equations of an array of arbitrary shape (see
Topic IV.13). The change has significant consequences. When d/\ < m/N, the
new imaginary part K,("')(z) is exponentially small in N. As a result, K,("')(z) will
be evaluated either directly using quadruple precision or by an asymptotic formula

valid for large V.
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IV.13 Closed Loops of Parallel Coplanar Dipoles—Arrays of Arbitrary
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The two-term theory for an array of parallel, nonstaggered dipoles has been
generalized from a circular array to one of arbitrary shape. The generalized theory
makes the same approximations used for the circular array, but does not employ
the method of symmetrical components for which circular symmetry is necessary.
It is shown analytically that, in the special case of a circular array, the two theories
give identical results. The new theory has been used to study the properties of
“egg-shaped” arrays. An equation describing an egg shape, i.e., an analytic closed
curve that is not symmetric with respect to the r-axis, is obtained by adding a
term proportional to z3 to the equation of an ellipse. The variation of the three
parameters in this equation provides a wide variety of egg shapes. Far fields and
current amplitudes in the elements around the array have been obtained for several
different egg shapes with the parameters all the same. as for the .V = 60 triplets case
in the circular array. It is seen that the current distribution around the array—in
both amplitude and relative phase—is almost identical to that for the corresponding
circular array. The field pattern is also similar; it consists of 20 peaks, the sharpness
of which depends on the shape of the curve. None of the field distributions obtained
was very different, however, from that for the circular array. The field pattern does
change for an ellipse of very large eccentricity; as expected, it is of the endfire type

and very similar to that of a 30-element Yagi array.
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IV.14 Plasma Wavegnide: A Concept to Transfer EM Energy in Space.
H.-M. Shen, Grant N00014-89-J-1023 and Army LABCOM Contract
DAALO02-89-K-0097; Research Unit 11.

It is known that, when an ultraviolet laser beam passes through a low-pressure
gas background, along its path the laser beam will photo-ionize the atoms of the gas
and create a partially ionized channel. A plasma channel of this type has been used
successfully to suppress the beam-breakup instability in the advanced accelerator;
in the experiment a plasma column was created over a distance of up to 95 m [1].
It has also been suggested as a guiding mechanism for charged particle beams for
use in the tenuous upper atmosphere of the earth [2|. Depending or the energy
of the laser beam, a plasma channel ranging up to hundreds of kilometers can be

generated.

The question arises, can such a plasma channel be used to guide electromag-
netic (EM) waves? Is it a dielectric waveguide like an optical fiber? A dielectric
waveguide is constructed of two media, the inside core and the outside cladding.
The EM waves are confined by the total internal reflection between the two media.
Thus, the index of refraction of the inside core must be larger than that of the
outside cladding. Since the permittivity of the plasma is always smaller than that
of the neutral gas, the solid plasma channel is not a guided EM-wave system. In
order to confine the EM wave, the waveguide should be built with the vacuum (or
neutral gas) core inside and a concentric plasma cladding outside. Such a structure
is similar to the traditional dielectric waveguide except that the permittivity of the

cladding of the plasma waveguide is strongly frequency-dependent.

Recently, the possibility of using a laser-generated “plasma waveguide” to
transfer electromagnetic (EM) energy has been examined (3], [4]. The plasma wave-
guide is a cylindrical vacuum core surrounded by a plasma cladding. The analysis

shows that guided-mode fields do exist inside the core. Like a general dielectric
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waveguide, the plasma waveguide is characterized by a “normalized frequency pa-
rameter” (also called the V-number). Although the permittivity of the plasma
varies strongly with frequency, the V-number surprisingly remains constant over
the entire frequency range. Because of this property, the frequency dependence of
the plasma waveguide is different; it has a wider high-frequency response than the
general dielectric waveguide. The EM pulse can propagate in the plasma waveguide
at close to the speed of light and keep its profile and shape unchanged. When the
V-number is smaller than 2.4048 (the first root of the zero-order Bessel function),
only the single HE,;-mode exists in the plasma waveguide. Unlike the dielectric
waveguide, however, there is no high-frequency limitation for single-mode propa-
gation. The EM fields outside the core in the plasma decrease xponentially with
increasing radius. Thus, practically, a plasma cladding of sufficient thickness is all
that is required to confine the EM wave. Such a plasma waveguide can be generated
by a hollow laser beam in upper space and used for guiding EM pulses. A brief

survey on laser-generated plasmas is given.
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V. SIGNIFICANT ACCOMPLISHMENTS REPORT

V.1 Second-harmonic Efficiency and Reflectivity of GaAs During Fem-
tosecond Melting. N. Bloembergen, E. Mazur, P. Saeta, Y. Siegal and J.
K. Wang; Research Unit 7, QUANTUM ELECTRONICS.

Studies .f the ultrafast melting of semiconductor surfaces under intense laser
irradiation at frequencies above the bandgap reveal changes in the dielectric proper-
ties on the sub-picosecond timescale. Reflectivity measurements of silicon with fem-
tosecond pulses demonstrate significant changes within 300 fs [1]. Second-harmonic
measurements on silicon further show that the top 70-130 A of the silicon surface
loses its cubic symmetry within 150 fs [1]. In this paper we report on simultaneous
reflectivity and second-harmonic generation (SHG) measurements during the melt-
ing of GaAs with 160-fs laser pulses. The results show bulk melting to a depth of

at least 90 atomic layers within the pulsewidth.

Amplified 200-uJ pulses at 620 nm are split into a pump and a probe beam
with an energy ratio of 20:1. The p-polarized probe pulse is incident upon a (100)
GaAs surface at 45°; the pump is orthogonally polarized and enters along the nor-
mal. The probe interrogates the central one-tenth of the pumped area. We de-
termine the origin of time by attenuating the pump beam and maximizing the
reflection sum frequency signal of the pump and probe beams. For each laser shot,
the reflected intensity and the second-harmonic intensity are measured. In addition,
we check for the presence of broadband ultraviolet radiation from a surface plasma.

The pump beam by itself generates no spurious reflection or second-harmonic signal.

Figure 1 summarizes the reflectivity measurements normalized to the appro-
priate value for negative times. The dip in reflectivity at low fluence in the temporal

range of — 130 fs to +1.9 ps can be attributed to a dense free-carrier plasma cre-
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ated by photoexcitation {2]. This plasma decreases the real part of the dielectric

constant, leading to a drop in reflectivity. By +130 fs the reflectivity at high fluence

rises to roughly twice the crystalline value, consistent with the value predicted by

a Drude model for metallic molten GaAs. After 50 ps the reflectivity at high flu-

ence drops dramatically. This drop is probably due either to heating of the molten

material far above the melting temperature [3], or to the delayed formation of a

plasma cloud in front of the surface [4,5].
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The second-harmonic signal is divided by the square of the probe intensity

to obtain the second-harmonic (SH) efficiency, normalized to unity for unpumped

material. Figure 2 shows a rapid, dramatic decrease to zero in SH efficiency as early

as +130 fs, coincident with the observed plateau in reflectivity. The absence of any
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second-harmonic signal in this region indicates melting to a depth of at least 90

atomic layers, the absorption depth of the second harmonic.

Concurrent with the observed dip in reflectivity at short times and low fluence
one finds a marked increase in SH efficiency. This increase is caused by a change
in index of refraction due to the presence of the free-carrier plasma. First, lowered

_reflectivity results in an increased probe intensity beneath the surface. Second, with
a decrease in the real part of the index, the angle between the probe E-field inside
the material and the (0I0) crystal axis increases from 10° to about 15°, resulting

in approximately a factor 2 increase in SH efficiency.

We also measured the reflectivity and SH efficiency after complete equilibra-
tion of the material. The reflectivity rises again and settles at a value of 0.24, slightly
higher than the value of crystalline GaAs (0.22), but lower than that of amorphous
GaAs (0.28); the SH efficiency recovers to roughly half its original value. The net
increase in reflectivity rules out any ablation of surface material, while the second

harmonic from the resolidified material suggests a partial recrystallization.

In summary, we have performed femtosecond pump-probe measurements of
the second-harmonic efficiency and reflectivity of GaAs during melting. Within 200
fs the second-harmonic signal drops to zero at high fluence, indicating melting to a

depth of at least 90 atomic layers.

References:

1. H. W. K. Tom, G. D. Aumiller, and C.H. Brito-Cruz, Phys. Rev. Lett.60,
1438 (1988).

2. C.YV.Shank, R. Yen, and C. Hirlimann, Phys. Rev. Lett.50, 454 (1983).
3. M. C. Downer, R. L. Fork, and C. V. Shank, J. Opt. Soc. Am.B2, 595 (1985).

4, .(I M.)Liu, A. M. Malvezzi, and N. Bloembergen, Appl. Phys. Lett.49, 622
1986).




V.2 Electromagnetic Field of a Vertical Dipole over Earth or Sea with
Applications to Communications and Over-the-Horizon Radar.
R. W. P. King and T. T. Wu; Research Unit 11, ELECTROMAGNETIC
PHENOMENA.

In a series of papers beginning in 1209, Sommerfeld [1]-[3] derived exact, highly
complex integrals for the Hertz potential of an infinitesimal vertical electric dipole
over the earth or sea. Since then, attempts have been made by many investigators—
including especially Norton (4], [5] and Bafios [6]—to obtain useful explicit formulas
for the associated electromagnetic field. However, even the most general, relatively
simple formulas of King [7] imposed the restriction that the radial distance from
the source to the receiver be large compared to both the height of the dipole and
the height of the point of observation over the surface of the earth or sea. A major
new analytical procedure by Wu and contained in a new paper by King [8] removes
this restriction and has for the first time led to new, completely general, simple
formulas for the electromagnetic field at any point—near or far, high or low—of a
vertical dipole at any height over the earth or sea. The very simple far-field formula
for the dipole on the surface consists of a space-wave term—representing the plane-
wave reflection coefficient—which vanishes everywhere on the earth’s surface and a
surface-wave term that has its maximum along the surface of the earth and decreases
rapidly away from the surface. A significant fact disclosed by the new formula is
that the space wave as well as the surface wave decrease with radial distance as
1/r? near the earth’s surface where z/r is small. Communication between vertical
antennas on the earth depends entirely on the surface wave. Over-the-horizon radar
makes use of the space wave with ionospheric reflection and the surface wave for
direct reflection from a low-flying missile or aircraft. The availability of unrestricted
formulas for the complete electromagnetic field of vertical dipoles over earth or sea
with arbitrary dielectric and conducting properties provides a new tool for accurate

design and complete physical understanding.
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